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FOREWORD

-.The Symposium on Fluid Dynamics of Jets with Applications to V/STOL was planned
in response to current aeronautical developments which highlight the need for improvements
in the understanding of jets and the fundamentals of mixing. The most important of these
developments are vertical and short take-off and landing aircraft which employ thrust vectoring
or lift augmentation. Sessions on Jet Interactions with Neighbouring Surfaces, Jet Structure
and Development, Wind Tunnel Simulation, Injection and Thrust Augmentation, and
Theoretical Models provided a comprehensive overview of the state of art in the field.

This volume includes the thirty-one papers presented at the Symposium sponsored by the
AGARD Fluid Dynamics Panel in Lisbon, Portugal, on 2-5 November 1981. In addition, a
summary of important features of the meeting made by Dr Ir. B.M.Spee is included following
the papers. A more comprehensive Technical Evaluation Report will be prepared for publica-
tion early in 1982.
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SOME ASPECTS OF JET DYNAMICS AND THEIR
IMPLICATIONS FOR VTOL RESEARCH.

by
L.J.S. Bradbury

Mechanical Engineering Department
University of Surrey, Guildford, Surrey GU2 5XH, U.K.

SUMMARY

This paper discusses some of the problems associated with jet interference on VTOL aircraft. The jet
interference that arises in hovering both in and out of ground effect is considered first and the factors
that influence the entrainment that is responsible for the interference are discussed. In particular, it is
shown that the flow in the initial region of a jet is strongly affected by circumferential variations in the
jet nozzle flow angle and that this might account for some of the anomolous results for the decay of jets
issuing from VTOL models. The possible use of Reichardt's method for studying the behaviour of non-uniform
jets is also discussed. The problem of jet interference in transition is next examined and the basis on
which model tests are currently carried out is briefly reviewed. The dynamics of jet interference in
transition are then considered in more detail and it is suggested that unlike interference in hovering,
transition interference might well be accounted for on the basis of a potential flow model of the jet in a
cross-flow. Some experimental evidence in support of this notion is examined and a few examples of
comparisons between predicted and experimental pressure distributions around a single jet issuing from a
flat plate are given.

I. Introduction.

The attractiveness of an aircraft with conventional aerodynamic performance in normal flight but with
an ability to take off and land vertically is so obvious for both civil and military applications that it
is quite unnecessary to discuss the virtues of such a craft. However, until the advent of the jet engine,
the possibility of developing a VTOL aircraft of this type did not really exist and, even then, it was only
in the 1950's that the specific thrust and overall thrust of jet engines reached a stage where VTOL
development could begin to be contemplated as a real possibility. In the intervening years, an enormous
amount of effort has been devoted to research in this field and this has included the development of many
VTOL research aircraft. The first of these - the so-called Rolls Royce "flying bedstead" flew in 1953 and
since then, about a further twenty VTOL aircraft of one sort or another have flown. However, in spite of
these intensive efforts, there exists only one military VTOL aircraft in use in any numbers in the West
- the Harrier and its various derivatives - and no civil VTOL aircraft at all is in service.

Although it is by no means the only reason, it has certainly been an important contributory factor to
this situation that the aerodynamic design of VTOL aircraft in the take-off phase of flight has posed many
difficult problems which we are not yet in a position to resolve. One of these is that, unlike the
conventional aircraft, the angle that the incident flow vector makes with the axis of the aircraft c"n
take any value during the take-off and transition phases of flight so that it is necessary to considei the
aerodynamic characteristics of the aircraft over a far more extensive range-of conditions than is normally
the case. In many of these situations, the aircraft is a far from slender shape and the flow around it is
characterised by large scale separations of the sort more typical of bluff body flows than of "slender"
aircraft flows. However, the principle problem is that there are very extensive aerodynamic interactions
between 'he lifting jets and the flow around the aircraft. At take-off, the lifting jets strike the ground
and produc, complex flows around the aircraft resulting often in substantial and unfavourable aerodynamic
forces on tb airframe. There is also the possibility of recirculation of hot exhaust gases into the
engine intakes with a consequent loss of thrust and engine performance. Damage due to the ingestion of debris
thrown up by the impacting jets is also a problem. During the transition phase of flight from vertical
lift off to conventional horizontal flight, it is also found that the lifting jets produce significant
aerodynamic interference with the flow over tbe aircraft producing both a loss of aerodynamic lift and
significant pitching moment changes. From the point of view of this conference, it is these jet interference
effects that are the subject of major interest.

For present purposes, it is convenient to group problems of jet interference into three flow regimes,
namely (i) hovering in ground effect, (ii) hovering out of ground effect and (iii) transition from hovering
to forward flight out of ground effect. There are some circumstances such as a rolling take-off where
ground effects occur in conjunction with forward movement of the aircraft but these will not be considered
here.

As illustrations of the type of jet interference effects that may develop, figures 1,2 and 3 show a
range of results of model tests corrusponding to the three flow regimes (Williams and Wood (1966)). Figure 1
shows the unfavourable interference that occurs in hovering close to the ground for a delta wing model with
a range of lifting jet configurations and for two positions of the wing. It is possible under some circumstances
to produce favourable ground effects but, in these tests, there was always a loss of lift. It should be
noted that the lift losses are strongly dependent on aircraft and lifting jet geometries. As far as hovering
out of ground effect is concerned, figure 2 shows results for a very simple circular planform model with a
single lifting jet as a function of the ratio of the planform diameter to jet diameter. The lift losses in
this case are typically a few percent of the thrust whereas the ground effect losses can be significantly
higher and they are therefore generally a more serious problem. Finally, figure 3 shows some lift loss
results for a model in the transition phase of flight out of ground effect. The results show a lift loss
as a function of the ratio of the model forward speed to the jet exit velocity for a similar range of
aircraft and jet nozzle geometries as was used in the ground effect tests. This figure again illustrates the
substantial lift losses that can occur and these may be accompanied by pitching moment changes whose
magnitudes may be such as to give rise to stability problems.
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It has to be acknowledged that the flows leading to these interference effects are often so complex
that there seems little prospect of developing methods for predicting their effects although the more
audacious of those working on numerical solutions of model equations for turbulent flows are beginning to
address themselves to flows of ever increasing complexity. Nevertheless, for sometime to come, it is almost
certainly the case that the development of VTOL aircraft will rest far more heavily on model tests than is
the case with conventional aircraft. Unfortunately, wind tunnel tests on VTOL models are themselves much
more difficult than those on conventional aircraft models because of the need to simulate the lifting jets
and also because wind tunnel interference effects are more complex than those usually encountered in
conventional model tests. The need to simulate the lifting jets creates a series of practical problems
with overall force and moment measurements on models to whi.;h are connected compressed air supplies feeding
the plenum chambers within the models. The development of techniques to accomplish this task has been a
major undertaking in its own right but the problem of interest in the present context is to try and
understand those features of the lifting jets which it is important include in model tests. Along with the
wind tunnel blockage problem, this has been and remains one of the most important topics of research into
jet aerodynamics relevant to VTOL aircraft and this paper will attempt to discuss some aspects of this
problem. In section 2, the factors affecting entrainment into jets issuing into still air in or out of
ground effect are considered. The importance of the initial region close to the jet nozzle is emphasised
and guidelines for establishing the important characteristics of a jet nozzle flow are put forward. In
addition, some comments are made on the possibility of using the largely discarded Reichardt's method for
examining the effect on entrainment of non-uniform jet nozzle velocity profiles. Section 3 then discusses
jet interference in transition out of ground effect and the effects on the interference of jet Mach number,
temperature and velocity profile are briefly examined. The detailed discussion is centred almost entirely
on the simple case of a single jet issuing normally from a plane wall into a mainstream flow because this
is the flow for which there is most experimental information. It is suggested that in contrast to the
interference effects discussed in section 2, the flow arouna jets in crvss flow is proonnly dominated by
potential flow effects and some evidence to support this notion is presented.Some suggestions are then put
forward for future theoretical and experimental work which might lead to a better understanding of jet
interference in transition.

2. Jets in still air - entrainment dominated flows.

We will consider first the problem of jet simulation in studies of jet interference in hovering both
in and out of ground effect. Although it is a rather obvious point, it is important to note that, in both
cases, the potential flow solutions for the jet flows would not lead to any interference effects at all.
The potential flow of a jet issuing into still air is a trivial flow and consists simply of a tubular vortex
sheet of strength T - U j/2 where U is the jet nozzle velocity. The sheet moves with a velocity of U /2 and
produces a uniform internal jet stream of velocity U and no external velocity field at all. In the case of
jets impinging on the ground, the potential flow solutions are not so trivial but they would also produce

no external flow to the vortex sheets separating the jet from the ambient air. Thus, the hovering lift losses
both in and out of ground effect occur entirely as a result of entrainment due to turbulent mixing and.
therefore, if we are either to predict or measure accurately these interference effects, it is important
that the mixing is properly modelled in either theoretical or experimental work on the hovering lift losses.

2.1 Entrainment into non-impacting jets in still air.

The simplest jet configuration involving entrainment is the flow of a single jet issuing into still air.
Figure (4) shows sketches of the structure of such a jet for a subsonic case and for a supersonic jet. The
purpose of this figure is to emphasise in an extreme way that the flow in the region near the nozzle is
dependent on the precise nozzle conditions such as jet Mach number, temperature, the species of the gas and
possibly many other parameters like the turbulence level, velocity profile and so on. However, some way
downstream, the flow will be well subsonic and the mass flow in the jet will be largely composed of air
entrained from the surroundings. Under these circumstances, it can be argued that the only conserved property
on which the jet structure will depend is the overall thrust, T, and the structure of the jet will be
independent of other nozzle conditions. It is well established that turbulent free jet flows are almost
entirely Reynolds number independent and, on the basis of simple dimensional arguments, the spread of some
appropriately defined jet width T and the decay of the jet centre-line velocity U° will then take the
following forms, namely

_ ._ _m e _ C , 
(2 .1.1(a))

U , C 2 .1 . 1 b ) )

where C1 and C2 are constants and xo is an apparent origin of the downstream jet flow and its position is
the only influence that the precise nozzle conditions will have on the jet development. ea is the ambient
air density. It is interesting to note thjt these conditions can also be obtained in an apparently independent
manner by looking for the circumstances under which a self-preserving jet flow can develop where the shape
of the mean velocity profiles and the distributions of the turbulent stresses are similar at all downstream
stations. In such a flow,U V1 ..

- and so on for the normal stresses.

U is the mean velocity at radius r, v is the turbulent shear stress and f and g are functions of r/t only.
By substituting these expressions into the momentum equation, an ordinary differential equation in f aId g is
obtained which shows that an axisymletric self-preserving solution is only possible if ' V x, U - x
These conditions are equivalent to equations (2.1.1(a)) and (2.1.1(b)). There is abundant experimental
evidence to show that a flow of this sort develops some way downstream of the nozzle and, although there is
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some uncertainty over the precise values of the constants, values of C -O.089 and C2 7.7 in equations (2.1.1(a))
and (2.1.1(b)) give reasonable agreement with most sets of experimental data if the jet width is defined as
the radius at which the mean velocity U- Uo/2.

From the point of view of the irrotational external flow induced by entrainment into the jet, this may
be represented in the far field not too close to the jet by the flow into a distribution of sinks along the
axis of the jet whose strength per unit length is given by the rate of change along the axis of the volume
flow contained within the jet. From dimensional arguments alone, the mass flow M in the downstream region
will be given by

Ma - a constant. (2.1.2)

or, for the sink strength,

ee X

A direct and convincing demonstration of the validity of this relationship can be found in the work of
Ricou and Spalding (1961) on entrainment into jets consisting of gases of a number of different species.
They found that the ratio of mass flow in the jet to the nozzle mass flow was well represented by the
expression

S-32 (2.1.3)

where M is the nozzle mass flow, d is the nozzle diameter and ?a, . are the densities of the ambient air
and jet nozzle gas respectively. It is simple to recast this to give

M z 032 iJT (2.1.4)
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which is consistent with equation (2.1.2) and does not contain details of the nozzle flow apart from the
overall thrust T.

From the above arguments, it would seem that the development of the flow some way downstream of the
nozzle is comparatively well understood and the magnitude of the sink strength representing the effects of
entrainment reasonably well established. Near the nozzle, the situation is more complicated and some
anomolous experimental results have been obtained for this region of the flow. In classical experiments
on axisymmetric jets, it is conventional to produce the jet from a plenum chamber with a large contraction
ratio to a short parallel nozzle. From such an arrangement, it is possible to produce a very uniform nozzle
velocity profile with a low turbulence level and only thin boundary layers on the nozzle walls. Figure (5)
shows a sketch of such an arrangement and the structure of the flow resulting from it. Mixing layers develop
at the edge of the jet and these spread in an approximately linear manner until they coalesce. Thereafter,
the flow is fully turbulent across the entire width of the jet and the flow soon develops the self-preserving
ch.cacteristics given by equations (2.1.1(a)) and (2.1.1(b)). The region near the nozzle is often referred
to as the potential core region because the total head on the centre-line remains constant until the
mixing layers merge with one another.

Figure (6) shows some measurements of the variation of mean velocity and the u-component turbulent
intensity along the centre-line of a jet produced in the manner described. The potential core length is
about five diameters in length and, thereafter, the raean velocity variation rapidly assumes the form given
by equation (2.1.1(b)). Although it is not particularly siguificant from a jet interference point of view,
it should be noted that although the mean velocity field rapidly appears to be self-preserving, the
turbulent intensity distributions show that a prdper self-preserving structure does not develop until about
20 or 30 diameters downstream. For mixing layers which spread linearly and which have similar velocity
profiles, it is not difficult to show that the rate of change of mass flow in the potential core region also
grows in a linear manner so that

CI H(+ Bz\
dx

where A and B are constants. By assuming that the mixing layers have a Gaussian velocity profile and that
momentum is conserved at the end of the potential core region*, one obtains

st a L .6* + iiA6 Xj 2.15

ciX d IL Ud (Y-.IdrC1.
where xc is the length of the potential core region.

As a measure of the relative importance to entrainment of the initial region of the jet to the
downstream self-preserving region, figures 7(a) and 7(b) show the u-component velocities inducvd
in the plane of the nozzle by a distribution of sinks given by equation (2.1.5) compared to the velocities
induced by a semi-infinite line of constant strength sinks given by differentiating equation (2.1.3)
and starting at x-x . The calculations have been carried out for x /d = 6 and x /d = 3. These induced
velocities can be tfought of as downwash velocities due to entrainment into a scngle lifting jet. As one
might expect at a radial distance from the nozzle up to about two diameters, the contributions

Momentum flux cannot be conserved in the potential core by linearly growing mixing layers with similar
velocity profiles. However, an expression for the entrainment that is accurate enough for present purposes
can be obtained by ensuring conservation of momentum between the nozzle and the end of the potential core.
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from the potential core region are the larger of the two but they still continue to be significant even at
a radius ratio rid of about 5 which is roughly typical of the equivalent planform to nozzle area encountered
in VTOL models. Also, the induced velocities are significantly affected by the assumed length of the
potential core. Since it might be argued that the lift losses in hover out of ground effect would be
roughly proportional to the square of some typical downwash velocity, it is apparent that the potential ,re
region makes a significant contribution to the lift loss and this lift loss will be strongly al.ct.d by
anything that changes the length of the potential core to any great extent.

The above discussion on jet entrainment presupposed a particular type of well controlled nozzle
geometry. However, in the case of VTOL models, space restrictions often create severe difficulties in
producing acceptable jet nozzle conditions. For subsonic jets, "acceptable" is usually taken to mean that the
final nozzle flow has a velocity distribution that is constant within, say, a few percent of the m-an value.
Developing nozzle flows of this sort can be a time consuming operation involving manipulating the internal
air supply arrangements and the use of gauzes at or near the nozzle exits to try and achieve reasonably
uniform exit conditions. However, even when an apparently acceptable nozzle flow has been produced, it is
well known that marked variations in the subsequent jet development can occur. This is most easily seen i:
the decay of the centre-line velocity and figure (8) shows results of Gentry and Margason (1966) showing
apparently the effect of different plenum chamber geometries on the velocity decay rate. As another example,
figure (9) shows results of Hargreaves (1970) which seem to demonstrate a large and very surprising effect
of either Reynolds number or Mach number on the jet development. From the previous discussion on the
sensitivity of entrainment to the initial region of the jet, it is clear that the lift losses due to
entrainment would be strongly influenced by these differing nozzle conditions. In an attempt to explain this
type of anomolous behaviour, a series of experiments were carried out on a comparatively large 8 inch
diameter jet at the University of Surrey in which it was the intention to study the effect on the jet
development of nozzle boundary layer thickness, nozzle turbulence level and convergence of the nozzle flow.
As reported by Bradbury and Khadem (1975), no very significant effect of the tested variation no ci,,se
parameters on jet development was found and certainly no effects remotely comparable to those shown in
figures (8) and (9). Coincidentally at the time of these tests, some investigations were being carried out
at RAE Farnborough on the working section flow of a closed return open jet wind tunnel. To suppress vortex the
rings which are thought to be shed from an open jet, it is conventional to mount a ring of "teeth" or "tabs"
on the circumference of the jet and which intrude into the jet. To check on the possible effect of these tabs,
a series of experiments were carried out with a range of tabs mounted on the circumference of the 8 inch
diameter jet and figure (10) shows the effect of these tabs on the decay of the jet centre-line velocity.
The surprising result is that the largest effect on the decay rate was obtained with only two tabs
and it is worth emphasising that these tabs are really quite small in comparison with the diameter of the
nozzle. After some investigation, it transpired that the effect of the tabs is to produce a circumferential
variation in the flow direction (Bradbury and Khade:i(l975)) and these flow angle variations cause
gross distortions of the jet cross-section. The effect can almost certainly be accounted for on the basis
of potential flow arguments. Figure (11) shows a sketch of a potential flow jet with circumferential variations
in flow angle. The surface of the jet is a constant pressure surface and, as a result, it is difficult to
imagine any significant restoring pressure forces developing within the jet to reduce the flow inclinations.
The jet will therefore tend to split in two as shown in figure (11). In a real flow, this effect would
almost certainly encourage turbulent mixing although, at the same time, this will tend to smear out the flow
angle variations. Nonetheless,the effect can certainly be seen in velocity profile measurements downstream
of the nozzle. Figure (12) shows iso-velocity contours at two and four diameters downstream and the tendency
for the jet to split in two is apparent. In the plane of the nozzle, the velocity distribution was constant
to within one percent of the mean value apart from the comparatively thin boundary layer region on the
nozzle walls.

In view of the failure to explain the anomolies in jet centre-line velocity decay rates due to the
more obvious parameters like turbulence level and so on, it seemed that flow angle variations might be
responsible at least in some of the cases. A model similar to the one used by Gentry And Margason (1966)
was constructed to test this idea and figure (13) shows the decay of centre-line velocity obtained from this
model. Although not identical with Gentry and Margason's results, it did exhibit a rapid decay of centre-line
velocity similar to that shown in their original report. Figure (14) shows the flow angle variations
measured in the plane of the nozzle. They are larger Lnan those induced by the tabs and this provides
powerful evidence that flow angle variations might be the cause of some of the anomolous results reported
in VTOL model tests. The flow angle variations in VTOL models could', of course, arise in many ways due to
the internal plenum chamber geometries of the models which are almost inevitably far from axisymmetric.
It is also very possible that the internal flows could be Reynolds number sensitive since separation of
"small-scale" components may be involved and this might produce the apparent Reynolds number effects
reported by Hargreaves and shown in figure (9).

The outcome of the above investigations suggests that measurements of jet nozzle conditions should
be more extensive than has tended to be the case in many VTOL model tests. In addition to measuring the
nozzle velocity profile, it is clearly important to measure the centre-line velocity variation and, if this
shows unusual characteristics, it is then recomended that measurements of flow angle be made at the jet
nozzle exit. Alternatively, a few velocity traverses across the jet could be made at one or two diameters
downstream at several azimuthal angles to check if gross distortions of the jet are occurring.

Although it is usual in VTOL model tests to try and obtain a uniform velocity profile at the nozzle
exits, the velocity profiles occurring in full scale lifting jets are hardly likely to be uniform. There
seems to be a surprising lack of information about the structure of full scale jet engine flows and, apart
from many other factors, this creates some uncertainties about the likely accuracy that can be attached to
model test results. Nevertheless, non-uniformity in velocity profile seems likely to be a factor of some
importance and, at the moment, there is little experimental data o, its effect on jet development although
some experiments have been carried out involving overall force measurements by Mayson, Ogilvie and Harris
(1971;.It is now possible to calculate the development of non-uniform jets using a number of modern
turbulent flow prediction Muthods but the accuracy of the results is uncertain and the computing time
would be considerable if an extensive range of parameters were to be studied. Although it has long ceased
to be a seriously considered turbulence model, the aged Reichardt's method still provides a comparatively
simple means of studying not only non-uniform jets but also non-circular jet nozzles and multi-jet
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development. For example, Kynstautus (1964) showed that the spread of a row of circular jets and their
transition to a quasi-two-dimensional jet was quite reasonably predicted using Reichardt's method.

For a distribution of jets with arbitrary velocity distributions and cross-sections, the velocity at
a point P using Reichardt's method is given by

W~a~i U; ak(2.1.6)

where dA is an elementary area over which the jet velocity is Uj. r is the radial distance from this area to
the point P (see figure (15)) and c is a constant. The integration would be carried out over all the jet
nozzle areas. For the velocity on the centre-line of a uniform circular jet, Reichardt's method gives

Ui

(2.1.7)

and when x/d>. 1, this gives

so that by comparison with equation (2.1.1(b)) with C2- 7.7, a value of c-0.073 is suggested. Figure (6)
shows a comparison between equation (2.1.7) and experimental data for the decay of the centre-line velocity.
The agreement is fair except in the transition region from the potential core to the fully turbulent jet.

As an example of its use in the case of non-circular jets, it is straightforward to show that for a
rectangular jet of span s and depth h, the velocity on the axis of the jet is given by

U. =  
C 6 (2.1.8)

For a two-dimensional jet, this becomes

and when x/hY> 1, this gives

CA =I h with c-.0.073,

Experimental data for two-dimensional jets is well fitted by an expression
6-s~ 25

which is not too different from Reichardt's value and would result in an estimate of entrainment which would
differ by only about 10%.

For the decay of the centre-line velocity of a rectangular jet, figure (16) shows a comparison between
equation (2.1.7) and some recent experimental data of Krothapalli, Baganoff and Karamcheti (1981) for
rectangular jets of aspect ratio 16.7 and 5.5.

Whilst the agreement is not particularly close, it is comparable to that achieved using
far more complex calculation methods using k-I type turbulence models (McGuirk and Rodi(1977) although
obviously Reichardt's method is far more restricted in its overall area of application.

Returning to the effect of a non-uniform velocity profile,it is quite simple to use Reichardt's method
to compute the velocity profile development with non-uniform nozzle velocity profiles. For a jet consisting
of a circular core jet surrounded by an annular jet with a different velocity (see figure (17)), the
particular result for the velocity on the centre-line of such a jet is given by

+ e- Ci Le%(ll D. -e- e(2.1.9)

where U , Ua are the core and annular jet velocities respectively and D. and D are the core jet and
annular jet giameters respectively. There are a few results for the centre-line velocity decay given by
Mayson et al and these are compared with equation (2.1.9) in figure (17). Again,the agreement is not
particularly close but it is sufficiently good to probably enable Reichardt's method to be used in a
parametric study of velocity profile variation on jet entrainment. For example, it would be interesting
to compute entrainment rates for non-uniform jets using Reichardt's method and then calculate downwash
velocities from the appropriate sink strengths. This might usefully serve to indicate the likely influence
of velocity profile variations on the hovering lift losses. It might even be possible to correlate the
lift loss measurements of Hayson et al on circular planform models with, say, the square of the calculated
downwash velocities induced at the edge of the circular models.

2.2 Entrainment into impacting jets in still air.

In the case of VTOL models hovering in ground effect, the jet flows are more complicated than those
encountered in hovering out of ground effect. However, for a single jet impinging on the ground, it is well
known that a fully turbulent radial wall jet develops in which the wall jet thickness S approximately
varies like r and the peak velocity varies like r - where r is the radial distance from the point of impact.
In consequence, the mass flow in a wall jet also varies approximately like r so that the rate of change of

mass flow with radius is constant. The analogy with the far downstream behaviour of the axisymmetric free
jet is clear although it should be stressed that the above behaviour of the radial wall jet is only
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approximately satisfied due to the influence of the wall shear stress. An expression for the mass flow in a
wall jet that is strictly analogous to that of Ricou and Spalding for the axisymmetric free jet has been
given by Skifstad(1970) and, in recast form, this expression is

H it 0.603

where r is an origin shift which makes allowance for the different initial conditions of the jet at the
impact point. Since the lift losses in ground effect almost certainly arise mainly from the entrainment into
the wall jet flow rather than from the entrainment into the jet flow prior to impact, there is a good prospect
that the lift losses should not show much sensitivity to the precise nozzle conditions including Mach number,
jet temperature and gas species. In the case of more complicated jet and airframe geometries, this is even
more likely but, of course, this does not preclude experimental difficulties arising from, say, Reynolds
number effects from the flow of the entrained air around the model.

3. Jet interference in transition - jets in cross-flow.

As in the case of hovering jet interference, the problem associated with representing the lifting jets
on VTOL models in the transition phase of flight is of central importance in VTOL research. It is perhaps
worth mentioning that intake interference effects are generally nuL sufficiently important to wdrrant
modelling the intake flows. As far as the jets are concerned, the general practice is to ensure the correct
scaling of the nozzle areas and then, for a given aircraft configuration, to assume that the jet interference
effects are dependent only on an effective jet to free-stream velocity ratio defined as

where Pg. _bare the densities of the mainstream and jet nozzle flows respectively and UI , U. are the
corresponding velocities. A is the jet nozzle area. For jets with uniform exit velocity profiles, there
are a few experiments with Aot gas jets up to 300

0
C which seem to show that this is an acceptable idea to

allow for jet temperature effects (Williams and Wood(1966), Martin (1963)). Similarly, Mach number effects
up to choking and Reynolds number effects do not seem significant. A more important effect might be the
influence of non-uniform velocity profiles and recently Phipps (1981) has completed an investigation of
the pressure distribution around a single jet issuing from a wall into a cross-flow in which the jet
consisted of an annular/core jet combination of the sort shown in figure (17). The definition of an
equivalent uniform jet having the same mass flow and thrust as the annular/core jet nozzle did not
apparently prove a satisfactory means of collapsing the data and a better collapse was obtained using the
radius of the outer annular jet and an effective velocity ratio defined as

where A A, Ac are the areas of the annular and core jets respectively and U , U are the corresponding jet
velocities. Unfortunately, as Phipps acknowledges, this definition breaks Jown as the annular velocity is
reduced to zero and it also did prove to be adequate in dealing with the purely annular jet.

Before attempting a more detailed discussion of the mechanism of jet interference in transition, some
further general points need to be made. Figure (18) shows a sketch of a VTOL aircraft in transition to
forward flight. As far as calculating the interference effects are concerned, the lifting jets can be
surrounded by a surface which contains entirely the rotational jet flows. If the normal components of velocity
to the surface are known, the surface may be replaced by a distribution of sources or sinks with a strength
proportional to the normal velocity components and this singularity representation would produce the correct
potential flow external to the jets. In general, the distance from the jet plumes to the aircraft are
significantly greater than the cross-sectional dimensions of the jet and, in this far field, the velocity
field induced by the surface singularities around the jet will tend to that produced by a line of singularities
distributed along an appropriately defined jet path. The singularities may be sinks if there is a net inflow
across the surface but they might also consist of doublets, quadrapoles and so on whose strength would be
obtained by taking higher moments of the surface singularities.

If an appropriate singularity distribution could be determined either theoretically or experimentally,
one might hope that the interference effects could be calculated using existing methods for calculating
the load distributions on wings. Thus, the problem of jet interference in transition really reduces to
determining an appropriate singularity distribution to represent the lifting jets. In order to make some
progress with this fundamental problem, a great deal of experimental work has been carried out on the much
simpler problem of a single jet issuing normally from a wall into a cross-flow and the remainder of this
section will be devoted to this flow to try and highlight the mechanisms of jet interference in transition.

3.1 A single jet issuing into a cross-flow.

When a jet issues into a cross-flow, it is deflected downstream and its boundaries spread as a result
of turbulent mixing in much the same way as occurs with a jet issuing into still air. In addition, there
are a pair of contra-rotating vortex structures which develop on either side of the jet as it spreads
downstream and these are certainly the most striking characteristic of the flow (see figure (19).There have
been many theories developed for predicting the deflection of a jet in cross-flow and they fall into two
broad categories. In the first type, the assumption is that the deflection results from the turbulent
entrainment of air and they have usually been based on arguments of the "mixing of streams of ping-pong balls"
variety in which the resultant jet direction is taken to be the vector sum of the jet momentum flux and
the momentum flux of the entrained mainstream flow. The difficulty with these theories is that the
entrainment is adjusted to give good agreement with experimental data for the jet paths and they result in
entrainment rates which are very much larger than those that occur in jets in still air and in parallel
moving streams. Snel's work(1974) is typical of these theories. The appropriate singularity distribution
arising from models of this sort would be a distribution of sinks whose strength per unit length is
proportional to the rate of entrainment. However, there is nothing in these models that can account for
the vortex motions in the jet. The other class of theories for predicting jet paths make use of a cross-flow
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drag on the jet analogous to the drag on a solid bluff body. However, it is necessary to use drag coefficients
which seem very high in order to obtain good agreement with experiments and it is not easy with theories of

this type to establish the singularity distributions necessary to calculate the external flow field. These
two types of theory have also been presented in combination (for example Wooler, Burghart and Gallagher
(1967)) but neither the mixing or cross-flow drag mechanisms of jet deflection seem very convincing. In the
previous sections on jets issuing into still air, it was argued that the interference effects in hovering
arose solely from turbulent mixing since, in this case, the potential flow would not give rise to any
external flow. i,.wever, in the case of a jet in cross-flow, there is the possibility that a non-trivial
potential flow solution exists in which the jet is deformed and deflected by the mainstream. Indeed, all our
experience of high Reynolds number flows would suggest that where it is possible for significant pressure and
inertia forces to develop, the main features of a flow can be accounted for on the basis of potential flow
solutions with the possibility of having to involve real flow effects through boundary conditions. Figure (20)
is a sketch of the type of potential flow solution one might obtain in which the vortex sheet separating the
the mainstream from the jet flow is deformed and forces on the jet develop in much the same way as they
develop as a result of the bound vorticity of a wing. Such a solution would naturally include "trailing"
vorticity to ensure continuity of vortex lines with the "cross-flow" vortex lines. The highest order singularity
distribution representing this flow in the far field would consist of a doublet distribution since no

entrainment into the jet occurs. In fact, the effect of turbulent mixing wc ld probably only serve to smear out
the vortex sheets but one would not expect either the path of the jet or the doublet distribution to be
significantly affected.

Whilst it is a simple matter to discuss the possibility of a potential flow solution, it is unfortunately
difficult even to set-up the potential flow problem with the appropriate boundary conditions and there has
been no significant progress in obtaining closed solutions of this type. However, a semi-empirical model
can be developed which emphasises the potential flow approach to the problem and, whilst opinions about the
validity of some of the arguments involved are unlikely to be universal, it serves to illustrate that the
problem can be considered in a different light.

The first interesting observation that can be made is that the doublet strength at infinity downstream
of a three-dimensional body in potential flow on which there is a lift L can be shown to be (see, for example,
KUchemann (1978)),

where U(W)is the doublet strength of the trailing vortex sheet at infinity downstream and UI is the free-stream
velocity. The doublet strength is given by

fAa WCt 7 (3.1.2)

where the streamwise vorticityW - and the integration is carried out over the entire cross-stream
plane. The y and z-directions are shown in figure (20).

In the case of a jet in cross-flow, it will experience a force normal to the mainstream direction equal
to the jet thrust if it is deflected through 900. For a uniform jet, equation (3.1.1) then gives

(3.1.3)

where m- U /U is the jet to free-stream velocity ratio and a is the jet radius. As can be seen from
equation (1.112), the direct measurement of doublet strength is a difficult and tedious exercise but a few
measurements have been made by Endo and Nakamura (1965) and Thompson (1971) using five hole pitch and yaw
tubes. The measurements were made at various positions along the jet path and at various values of jet to
free-stream velocity ratio, m. Their results for the flow far downstream of the jet nozzle are shown in
figure (21) and compared with equation (3.1.3). In all the circumstances, the agreement is remarkably
good and it seems that this simple argument can account both qualitatively and quantitatively for the
trailing vortex motions that can be observed in the jet.

To calculate the external flow field, the doublet distribution along the path of the jet is required.
If the jet has been deflected through an angle 0, we may assume that the lift force acting on it is
T(l-cos 6) where T is the jet thrust and the obvious assumption can then be made that the doublet strength
at this position will still be given approximately by equation (3.1.1) so that

where e is the distance along the jet path at which the jet has been deflected through an angle 6. In
non-dimensional form, (3.1) 4)( !;%

I a- 1X (3.1.4)

Now, in order to apply this expression to the calculation of the induced velocity field around the jet, it
is necessary to know the jet path on which the place the doublet distribution. It is the most serious
weakness of the present approach that it does not easily lead to a prediction of the path and, in the
absence of any better guide, experimental results of jet path measurements have been used. There have been
numerous measurements of jet path by Brown (1976), Chassaing et al (1974), Endo and Nakamura (1965),
Graefe (1975), Thompson (1971), Jordinson (1956) and others and results have generally been obtained for the
path of the maximum total head. The agreement between the path measurements from all these various



investigators is only fair but a reasonable fit to most of the data can be made by the expression

XG . 0 '2-T Z , \
. ( Z.) 3  (3.1.5)

where X and Z are the co-ordinates of the maximum total head jet path. Z is the co-ordinate normal to
the wal.' and X

° 
is the co-ordinate in the downstream direction. Figure (22? shows a comparison between this

expression and°Thompson's data as a typical example. Also shown in figure (22) are a few results for the
vortex centre paths with an expression similar to equation (3.1.5) fitted to the data. It is clear from
this figure that the scale of the plume is substantial and not really small in comparison to the distance
from the plume to the wall region where we are attempting to predict the pressure distribution. There is
also obviously some ambiguity as to the appropriate definition of the jet path. However, using the expressions
for the peak total head paths and the vortex centre paths enables the angle 0 and the distance t along the
jet path in equation (3.1.4) to be calculated and figure (23) shows equation (3.1.4) compared with experimental
data for doublet strengths at different positions along the jet paths. The use of the vortex centre paths
gives marginally better agreement with equation (3.1.4) than using the peak total head paths but it would
be unwise to attach too much significance to this. The important point is the the doublet strenghts measured
are clearly close to those given by the simple argument behind equation (3.1.4).

Using equation (3.1.4) and the empirical expression for the vortex centre paths, it is now possible
to calculate the pressure distributions on the wall around the jet. Figures (24) and (25) show a comparison
between the experimental distributions of Bradbury and Wood (1964) and these calculated distributions for

velocity ratios m of 4 and 8 respectively. There is a reasonable measure of agreement between the experimental
and calculated distributions and it provides further evidence that however deficient the prsent model might
be, the doublet strength along the jet cannot be too different from that predicted by equation (3.1.4).
Further, if it is assumed that the entrainment due to turbulent mixing is not very different from that of
a jet issuing into still, some allowance for entrainment can be made by including a distribution of sinks
along the jet path with a constant strength given by Ricou and Spalding's expression - equation (2.1.4).
Figures (26) and (27) show the effect of the addition of these sinks to the predicted distributions. As
might be expected, they swing the isobars upstream but they do not particularly improve the overall agreement
with the experimental distributions. Moreover, their effect on the overall force on the wall is very small
which is consistent with the assumption that turbulent mixing is not the dominant factor in this problem.

An interesting feature of these results is that if the jet paths are of the general form

= Fu o a-a. d a(3.1.6)

where g(m) is a function of m only, then it is easy to demonstrate that the induced velocity components
arising from the doublet distribution given by equation (3.1.4) will have a similarity form which gives
on the wall

Mi 
V(m)u ~ )S 1(3.1.7)

where r and * are the po'ar co-ordinates of a point on the wall. u. is a particular velocity component
induced at that point. . This may be taken one Stage further because the bulk of the
force on the wall arises from regions where the pressure coefficient based on the free-stream velocity is
small. Under these circumstances,

C%2u
p UI

where u is the x-component of the induced velocity. The force on circular regions around the j.t can be

presented in the form of a suction force coefficient defined as

w ismi'
L  

- a 1  (3.1.8)

In terms of the similarity variables, this may be written

u \~l'~ s \ ' IU, sbvt vnJ30" 3

Over the range of velocity ratios m of normal interest (say from 2 to 20) and radius ratios r/a greater than
5,say, the second term on the right hand side turns out to be small compared to the first term so that

2g r/..m..)
CS 2 1 33.0a)) 2

or CS U fuic Q 4 (3.1.10)
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If an expression of the form of equation (3.1.5) is taken for th jet path, g(m)- m
1
.
35 

and we obtain

mC' (3.1.11)

LS a fnekion 'A(,Js)O" (3.1.12)

The importance of these similarity results is that, if they have any validity, the induced velocity
field and the suction force on the wall will depend not on the jet velocity and jet radius as separate
parameters but only on them in the combination given in equations (3.1.11) and (3.1.12). Thus, the flow
field around a jet of some particular radius or velocity ratio can be made equivalent to a jet of some other
radius and some other suitably scaled velocity ratio. An analogous result to the present similarity
expressions can be found in the theory of jet flaps where it can be shown that provided the thickness of
the jet sheet is small, the only parameter of the jet that appears in the theory is the jet momentum flux
and neither the jet thickness or its velocity appear as separate parameters. However, the physical arguments
leading to the similarity result in jet flap theory is more soundly based than those presented here for a
circular jet. In this latter case, the form of the simil'rity result arises simply from the form of the
empirical jet path expression used and this has no obvious physical significance. Nevertheless, the concept
is interesting and, from experience of similar problems, it seems not unlikely that in the event of jet
interference being more clearly understood, similarity laws similar to the present relationships may still
be found to apply.

Figure (28) shows a wide range of experimental suction force coefficients for different velocity
and radius ratios plotted in the form suggested by equation (3.1.12). Also shown is the theoretical
result obtained from using the vortex centre path expression and the doublet strength equation (3.1.4)
in equation (3.1.9 ). The experimental results are not obviously inconsistent either with the general form
of the similarity result or with the predicted curve but it should be noted that there is a good deal of
scatter particularly in the results of Fearn and Weston (1975). In working out these results, it appears
that insufficient care has sometimes been taken in the definition of the reference static pressure so that
the integration of the loads at large distances from the nozzle are subject to a good deal of uncertainty.
Thus, the agreement between the results of different authors in this apparently straightforward experiment
is less than one might expect and, indeed, it is found that in some cases, there is apparently no limit
to the force experienced on the wall as the limits of integration are extended further from the jet nozzle!

As far as the detailed pressure coefficients are concerned, they collapse less well on the basis of
the similarity argument. But, it can be shown that although the sinks representing entrainment (which do
not conform to the same similarity argument) only contribute a few percent to the overall force, they do
influence the pressure coefficient distributions sufficiently to prevent close agreement with the
similarity result. It is possible to make some crude allowance for this effect and Bradbury (1968) has
shown that if this is done, the pressure coefficient distributions collapse on the basis of the similarity
argument to about the same extent as the overall suction force coefficents.

Of course, the object of the present exercise was to produce a singularity distribution that could te
used in calculations on finite wings. The assumption would need to be made that the jet paths obtained from
experiments on flat plates could be used for jets issuing from wings. The problem of multi-jet geometries
creates even more difficulties. However, Wooler et al (1967) and Ziegler and Wooler (1971) have applied
their singularity representation of jets to finite wings including multi-jet arrangements and the fact that
their approach is conceptually different from the present one should not obscure the point that they are
demonstrating the possibility of jet interference calculations on more practical geometries.

The final point to note in this section is that the similarity argument can be applied directly to
finite wings. For a given planform geometry but with different diameter jet nozzles, the equivalent
similarity result is

where &L is the interference lift loss and A,, Aj are the planform areas and jet nozzle areas respectively.
The final figure (29) shows results from Williams and Wood (1966) for a delta wing model with two different
diameter single jets plotted in this way. It cannot be claimed that the collapse is particularly good
but it would at least enable test results on a model with one diameter of jet nozzles to be used to estimate
the lift losses on a similar planform model but with different nozzle areas.

4. Concluding remarks.

In this paper, some attempt has been made to discuss various aspects of jet dynamics relevant to
VTOL aircraft. It will be noted that some emphasis has been put on potential flow arguments wherever they
seem appropriate. In part, this has been a deliberate ploy to offset the tendency by some to assume that
in all situations where there is a turbulent shear layer, the flow must be treated as if the turbulence
is always the dominant phenomenon. The discussion has also centred on those topictwhich the author has
had some direct experience of and the neglect of other topics must not be taken as an assumption that they
are considered less important than those covered in this paper. In particular, there is a great need for
work on wind tunnel interference effects on VTOL models. Although much has been published on this topic,
a reliable method of correcting VTOL model results for wind tunnel blockage is still not available. It

is known that in tests in which the lifting jets impinge on the tunnel walls, a complete breakdown of the
working section flow can occur due to the forward flow and the subsequent separation from the tunnel walls
of the impinging jets. Some progress with establishing a criterion for when this occurs has been made
(see, for example, Oven (1970) but serious interference effects occur well before this situation is
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reached. There is now some work on comparative tests on VTOL models in different wind tunnel working
sectiocq (e.g. Trebble (1978)) but careful comparative tests with some standard model in a range of
wind tunnels equipped for VTOL testing would still be a useful exercise.

As far as topics covered in this paper are concerned, tnere are some recommendations for future work
that can be made particularly in the area of jet interference effects in transition. There are an increasing
number of wind tunnels equipped with computer controlled traversing gears and on-line data processing
systems and the possibility of making detailed flow surveys is not as daunting as it once was. Therefore,
a most interesting experiment would be to extend the type of work carried out by Endo and Nakamura (1965)
and Thompson (1971) in which the complete vector mean flow field in a deflecting jet is measured.
These results would provide further direct experimental data on the singularity distribution and, for
all its deficiences, the experiments are probably best carried out still with a conventional five hole

pitch and yaw tube.

The final recommendation is directed at those who are working in the field of turbulent flow prediction
methods. Having implied that possibly too much emphasis is sometimes placed on the contributions of
turbulence to many aerodynamic problems, it has to be acknowledged in contradistinction to this that workers
in this field are attempting solutions to flows of ever increasing complexity. In the present context, it
should be noted that Patankar, Basu and Alpay (1977) and Jones and McGuirk (1980) have obtained numerical
solutions for jets in a crossflow using k-S turbulence model equations. Whatever criticisms may be levelled
at the turbulence models used by these authors, it is nevertheless the case that they are numerically
solving the full three-dimensional equations of motion. If the emphasis of this present paper is correct,
the turbulent mixing is not an important characteristic in the VTOL jet interference in transition
so that it may be that their solutions are giving singularity distributions and indeed the external flow
field that are largely independent of the turbulence model used.The above authors have been aiming their
work at problems rather different from jet interference and, therefore, they have not computed quantities
like the doublet strengths or the pressure distributions around the jet nozzles. These would be interesting
calculations to carry out.
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JET INTERACTIONS WITH NEIGHBOURING SURFACES
by Prof. Dr Ing. iBarche
D.M.V., Voorstenweg 31

8316 PR Marknessee, P.O. Box 175
8300 AD Emmeloord, The Netherlands.

SUMMARY

The present understanding and prediction methods on jet interactions with neighbouring surfaces are
briefly reviewed with special attention on transport and V/STOL aircraft.

1. INTRfDUCTION

About 40 years ago the first jet aircrafi appeared at the sky. Since that time an outstanding pro-
gress in aircraft and engine design has been made. In military as well as in civil aviation the jet engine
in its different variations has become the standard powerplant and will be the standard powerplant of the
aircraft of tomorrow.
Having that 40 years worldwide experience in mind, the basic questions of jet interaction should be under-
stood in the meantime. With few exceptions of special applications the jet interaction phenomena of pre-
sent aircraft designs are quite well understood, indeed. The understanding of the phenomena, however, is
generally not always succeeded by an accurate prediction methodology, needed to meet the high standards
in aircraft technology.
The reasons for such a situation are not only to be traced in the turbulent nature of jets or in the com-
plexity of jet-induced flow fields. The restrictions of experimental model testing with respect to a
realistic jet simulation as well as the low research on full-scale engines certainly contribute to the still
existing lacks of knowledge in this field.
On the basis of a few examples of practical interest it is shown, which type of subsonic jet interaction
seems to be in hands with the present knowledge, and which other informations are missed to improve the
range of applications.

2. CLASSIFICATION OF JET INTERACTION PHENOMENA

To simplify the discussion on jet interactions it is proposed to distinguish between primary and
secondary phenomena, as sketched in figure 1. Hereby it is understood that

* PRIMARY JET FORCE INTERACTIONS
are direct actions of the JET MOMENTUM on solid surfaces, e.g.

- the development of engine gross thrust by means of nozzles or afterbodies;
- the generation of ground erosion due to the jet impact during take-off and landing

of VTOL-aircraft;
- the deceleration of an aircraft by means of a thrust-reverser or
- the generation of extra forces on wings or bodies as a follow-up of fountain-like
autodeflected wall jets.

Of equal or even more importance for modern aircraft are the

* SECONDARY JET FORCE INTERACTIONS,
defined as interference effects due to the JET-INDUCED FLOW FIELD as a consequence
of the jet entrainment, blockage and wake actions.
In general they result in a
- modified pressure and friction field past the aircraft and may change the aero-
dynamic loads in the same order of magnitude as the thrust forces are.

The distinction made on force interactions is also applicable for

* RECIRCULATION EFFECTS,
defined as consequences of the TEMPERATURE FIELD of/or generated by a jet. Here the
- primary or nearfield interactions are mainly combined with the fountain or thrust

reverser problems and the
- secondary or farfleld interactions are caused by the up-heating of the ambient

air In connection with the natural wind or the forward speed of the aircraft.

Recirculation problems are mostly concerned with V/STOL-aircraft and extremely sensitive to the individual
configurations. Therefore, they are not discussed within this paper, which is concentrated on force effects
and especially on secondary jet interaction phenomena.

3. PRIMARY JET INTERACTIONS

As defined above, primary jet interactions are understood as direct actions of jets on solid surfaces.
Typical examples of such types of flow are the jet-afterbody interference as well as the impingement
problems of jets or fountain flows. Both interaction phenomena are briefly discussed below.

3.1 Jet-Afterbody Interaction

In the development of jet aircraft the jet-afterbody Interaction certainly was the first interference
problem to be investigated in the past. A considerable -mount of Informatlons has been published - see e.g.
(1, 2, 3) - and will be published In the future. However, the existing knowledge could not prevent that In
an early design stage of a twin-engine fighter the afcervidy contributed 40% of the total drag at transonic
speed. Hence, an expensive Investigation had to be 'tarted to reduce the parasite drag to an acceptable limit.
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To discuss the jet-afterbody interference, figure 2 shows the subsonic flow past a circular nozzle.
The upper part of the sketch describes the flow around an afterbody in presence of a jet with a high pressure
ratio p ./p,. On the lower part the corresponding pressure distribution and a typical boundary layer pro-
file arpJshown.
Due to its turbulent mixing with the ambient air flow

" the jet entrains air from the ambient flow, such increasing its mass rate steadily,
- induces supervelocities, which correspond to negative pressures on tne body, and
- increases the drag of that part of an aircraft.

If the jet exit pressure ratio is well above its critical value,

" the jet blocks the flow at the afterbody due to its expansion - in a first order
proportional to the so-called plume angle -, hence,
- decreases the flow past the body, and
- reduces its drag contribution, consequently.

The favourable effects of the blocking action of a jet are limited, however. As shown in figure 2

the adverse pressures induced by a jet with a too high pressure ratio lead to a
local separation, which
- increase the drag contribution again, and
- can lead to an unsteady exit flow.

The relatively simple example of a subsonic flow past a circular afterbody at zero angle of attack clearly
demonstrates the sensitivity of the flow problems. Unfortunately, the correlation between the sucking or
blocking action of a jet and the afterbody geometry, the jet and ambient flow properties are still far from
being completely understood.
Nevertheless, the evaluation of numerous experiments made in the past - see (I, 2, 3) - indicate some
general tendencies, namely:

" The influence of the FLIGHT MACH NUMBER Meo up to transonic speeds is approximately
given by the Prandtl-Glauert rule, i.e.
- an increasing Mach number generally reduces the pressures on the afterbody and
- increases the local drag, therefore.

* The influence of the REYNOLDS NUMBER Re follows the well-known laws, i.e.
- an increasing Re-number reduces the probability of flow separations, but
- increases specifically the base pressure.

" The JET EXIT VELOCITY V. is primarily responsible for the sucking action of a jet,
hence i

- an increasing velocity or Mach number M. increases the jet entrainment, i.e.
the drag.

" The JET PRESSURE RATIO ptj/p. is of major importance with respect to the drag
built-up:
- at low pressure ratios corresponding to subsonic jet velocities the displacement
effect "straightens" the flow and reduces the drag compared with a bluff after-
body,

- at medium pressure ratios the increase in jet speed dominates and consequently
the drag increases,

- at high pressure ratios the blocking action of the jet increases the afterbody
pressures and reduces the drag or generates even a thrust force, as long as no
separation occurs.

" The JET TEMPERATURE RATIO T /T0 seems to interact with the external flow in two
different ways, i.e. J
- as long as the outer contour of the afterbody is insulated against the internal

flow an increased temperature reduces the drag, but
- at non-insulated nozzles the coupling between flow and thermal boundary layer

results in an increased drag.

Concerning the afterbody geometry it is well-known that

" the BOAT TAIL ANGLE ,
- has its optimun value between 10 and 120.
- a smaller angle increases the local friction and consequently the drag, and
- a steeper gradient generally leads to separation

and

" the BASE SURFACE ratio Ab/A should be as small as possible for low or medium jet
pressure ratios.

In summarizing the effects discussed above and especially the effect of the Jet pressure ratio, in figure 2
a typical axial force built-up at transonic speeds has been plotted against the pressure ratio. The tests
are made with a cold as well as with a hot jet. External and Internal flow are carefully insulated from
each other to avoid a thermal coupling of both flows.



3.2 Jet Impingements on Solid Surfaces

As mentioned above the jet impingement problems are another type of primary jet interactions.
A typical example of application is the

e THRUST REVERSER
- designed to decelerate the aircraft by turning the jet exit flow approximately

against free stream direction,
- without damaging the aircraft or provoking an engine surge due to recirculation.

and
- resulting in structural loads at the reverser up to twice the jet exit momentum.

In VTOL aircraft design another impingement problem has to be solved, namely the

9 GROUND EROSION problem,
- being a destructive effect of jets on the ground
- which magnitude depends upon jet exit temperature, dynamic head, impact time as

well as on the properties of the ground.

Also in designing VTOL aircraft the jet impingement forces on bodies have to be investigated. Hereby it is
understood, that

a JET IMPINGEMENT FORCES are forces on a body resulting from a jet which dimensions
are small compared with the dimensions of the body, being mostly
- a consequence of the so-called FOUNTAIN FLOW - see section 4.2 -, and
- causing an additional lift but also heat transfer and even surge problems.

The latter flow phenomena are of special importance for future VTOL designs in order to increase their
maximum take-off weight MTOW and their specific range R . They strongly depend upon the body shape relative
to the impinging jet. As a rough indication, In figure some principal results are shown, see (4). Here
a jet was blown against a cylindrical cup, a convex and a concave hemisphere. All obstacles had a diameter
of about 12 nozzle diameters. The left part of the figure shows some normalized pressure distributions
along the obstacle walls. For convenience the free jet velocity distribution has also been indicated.
From such pressure distributions the momentum could be calculated. The results, relative to the momentum
acting on a flat plate of infinite diameter, are shown on the right part of the same figure. They do not
have the desired accuracy for design purposes but indicate, nevertheless, the usable potential of such
types of flow.

4. SECONDARY JET INTERACTIONS

Secondary jet interactions have been defined above as interference effects of the jet-induced flow
field with the free stream flow past ar. aircraft.
The study of such problems became essential with the design of VTOL aircraft. But also for the design of
modern transport aeroplanes with high by-pass engines this type of interference needs careful considerat-
ion.
Therefore, both types of flow interactions are discussed below.

4.1 Jet-Wing Interactions of Transport Aircraft

Most of the transport aircraft are designed for podded engines, which are generally installed at wing
or fuselage stations. As a consequence of the high by-pass ratio the engine diameter is rather large com-
pared with the dimensions of the fuselage or wing. Hence, the Interference problems between the engine's
displacement, intake or exit flow and the wing/body combination or the tail have been considerably enlarg-
ed. This has to be taken into account because of the reduced fuel consumption of such type of engines and
will be followed by increased efforts on aeroplane drag minimization research. Furthermore, at low speeds
the lifting capability of the powerplant is sometimes part of the high lift system of an aircraft.
In general, the interference effects mentioned are problems of the complete powerplant rather than purely
jet effects. However, the jet interactions can contribute to a large extent and need a careful examination,
therefore.

4.1.1 Jet-Wing Interactions at Low Speeds

To illustrate the jet interaction with a wing some test results on lift and drag are shown in figure 4,
see also (5, 6). The tests had been made with a wing/body combination of a transport aircraft; the jets
being simulated by calibrated blown nacelles, supported on a separate sting system.
At take-off conditions lift and drag are shown for engines either in underwing- or upperwing position. In
both cases the jet exit has the same distance from the wing leading edge. Also the absolute height above
the centre line has been maintained.
With reference to the engine-off tests the jet clearly results in a &cL-shift, which is positive for the
upperwing and negative for the underwing position of the engine.
Furthermore, the maximum lift of the upper-wing engine configuration has been considerably enlarged, but it
remains practically unchanged for the under-wing engine.
The induced drag due to the upper-wing jet has equally been improved, but almost no change has been tested
for the under-wing case. In addition, a remarkable zero-lift drag for the latter configuration has been
measured, which was due to the jet's touching the wing lower surface.
Not shown In figure 4 are results of an increased forward speed up to cruise flight, see (6). These sup-
plementary tests Indicate a continuous reduction of the favourable or unfavourable effects; approaching
approximately the engine-off case for a velocity ratio of unity.
The analysis of the results clearly underlines the role of the

4ti
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* JET ENTRAINMENT
- being a sucking action of the jet
- which is in a first order linear proportional to the jet exit/free stream velocity

ratio.

To check this, some informations on the sucking action of a subsonic jet are necessary. Because of the
linear proportionality the problem can be reduced to the jet characteristics at zero free stream velocity.
In figure 5 such a

a SUBSONIC JET with its
- initial or potential core region,
- a transition region and finally
- the main region

has been sketched, see e.g. (5, 7). With the assumptions of

- unmixed jet exit velocity inside the core,
- similar velocity profiles outside the core as well as in the main region,
- momentum conservation in the entire jet, and
- linear jet spreadings

the relative mass flow increase can be calculated. Defining the

* ENTRAINMENT as the GRADIENT of mass flow change d(d)/rhi)/d(x/R.),

its value can be easily obtained within the initial or main region and can be interpolated within the tran-
sition region. A typical result is shown in the lower part of figure 5 - see (5, 9, 10) - which is in good
agreement with tests (8). Here instead of the entrainment E the equivalent

a ENTRAINMENT VELOCITY VE resp. V*E

has been plotted against the jet path, where V defines the in-flow velocity at the jet boundary, and V*'
the relevant velocity at a fictive cylinder, wose diameter is equivalent to the nozzle diameter.
The results shown are valid for

9 IDEAL circular NOZZLES, having no flow disturbances at the jet exit and, therefore,
- a relative in-flow velocity V of about 3% in the initial region only, or
- about 2,5% relative in-flow vilocity V at the nozzle, which steadily increases

up to about 8% at the begin of the main region, and remains constant throughout
the main region.

It should be noted, however, that

* NON-OPTIMUM NOZZLES have a much stronger jet decay, which
- reduces the potential core length, and
- shifts the maximum entrainment V! closer to the nozzle exit.

E
The results of the entrainment evaluation can be applied to jet-wing/body interaction calculations, pro-
vided that the distance between the jet boundary and the obstacle is large enough to prevent deformations
of the jet shape. As an example in figure 6 the pressures on a wing with a jet in upper-wing position are
shown. The calculation was performed with the help of a panel model which corresponds to the test set-up
in figure 4. At all solid surfaces the condition of zero normal flow, at the jet boundary, however, the
estimated in-flow velocities had been prescribed. The calculation is in good agreement with the test results
as long as the distance between the jet axis and the wing chord is about one nozzle diameter or even more.

Basically, the panel model can also be applied for the calculation of the complete engine interference,
taking into account the intake and displacement flow in addit'ion. Hereby special attention has to be paid
to simulate the correct mass-flow through the engine, which generally needs some modifications of the con-
ventional panel model singularity distribution, see e.g. (11).

For other applications, e.g. such as upper surface blowing the simple model shown above is no longer use-
ful because of the strong interactions between the jet and the wing/body flow. To calculate such flows a
matching procedure has recently been proposed, coupling an inviscid panel code with a viscous code re-
presenting the jet (12). As sketched in figure 7 the complete flow field has been divided into zones which
are either viscous or inviscid. Both zones are overlapping, the operlapping region being the zone to match
the boundary conditions of both flows. The calculation Is repeated as long as the viscous and inviscid
solutions is the overlapping regions have sufficiently converged to common values.
Such types of calculation procedures seem to become a powerful instrument in the prediction of jet inter-
actions with solid surfaces for the future.
As an example of the results obtained, on top of the right part of figure 7 the lift increase due to over-
wing blowing has been given. The values are in good agreement with test results as well as with the panel
calculations mentioned above.
At the lower part of the same figure the pressure changes due to upper surface blowing are shown. The
pressures calculated outside the nozzle are equally In rather good agreement with experimental results:
The blocking action of jet and nozzle reduce the lifting pressures on the forward part of the wing, the
sucking action of the jet increases the lift on the rear.

4.1.2 Jet Interaction at High Speeds

At high speeds the jet interaction is almost entirely considered as only one of the components within
the complete powerplant interaction problem to be solved for engine systems of rather large dimensions in-
stalled In close neighbourhood of wings and fuselages. Especially with respect to the drag built-up the
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intake as well as the displacement flow of engines and pylons are considered to be of equal or even higher
importance compared with the contribution of jets.
Hence, in genera) a simulation of the complete powerplant rather than a jet alone has been tried in most
investigations, see (13, 14, 15, 16). This was done with so-called through-flow nacelles (TFN) as a start-
ing point, blown nacelles and turbo-powered simulators (TPS); the latter are the most representative ex-
perimental devices existing at present.
To check the influence of a jet on the pressures induced on a wing, a comparison of the results obtained
in use of turbo-powered simulators and through-flow nacelles seems to be helpful. In figure 8 such a com-
parison is shown for a transport aircraft with conventionally fitted engines, cruising at high speed, see
(13). Pressures have been measured at inboard and outboard pylon stations both on the upper and lower
surface. The engine-off case as the datum test has also been shown.
Assuming that the TFN represents the intake as well the displacement flow accurately enough, the pressure
difference between both tests may be identified as the influence of the jet, as marked in figure 8.
This leads to the conclusion that

e the sucking action of a jet basically
- reduces the negative pressures at the upper surface of the wing, but
- increases the negative pressures at the lower surface such that even shocks are
generated.

With the help of figure 8 the general importance of a jet representation corresponding to the full-scale
jet as well as special studies on the jet influence may be derived. However, this has to be measured
against the contribution of the other components of a powerplant, which are equally or even more sensitive
with respect to the drag.
To demonstrate this, figure 9 - see (17) - gives some results of the relative drag change obtained from
model tests with a through-flow nacelle at different x-, z- and toe-in positions. Bearing in mind the im-
portance of a 1% drag increase or reduction in the profit of an airline, the figure drastically under-
lines the special care to be taken with respect to the powerplant positioning.

4.2 Jet Interaction on V/STOL-Aircraft

4.2.1 General Jet Properties

To develop jet-lifted V/STOL aircraft the research on jets in ground effect (IGE) as well as out of
ground effect (OGE) has required much attention in the past. In many respects such jets are quite different
from jets discussed so far. Basically

VTOL-JETS are understood as a combination of
- FREE JETS swivelled against the free stream flow up to 900 or more,
- WALL JETS, developed on the ground as a consequence of the free jet's impingement,

and
- JET FOUNTAINS, caused by the upward self-deflection of more than two wall jets.

A principal sketch of the three components has already been shown in figure 1.
In general the properties of such jets are defined by

e a SUCKING ACTION of free and especially wall jets - due to turbulent mixing with
the ambient air - in a cross flow, which speed is small with respect to the jet
exhaust velocity,

a a DISPLACEMENT or BLOCKAGE EFFECT, similar in some respect to the flow past solid
bodies, and finally

* a WAKE EFFECT, again similar in some respect to the flow past solid bodies and
especially important for the multi-jet treatment.

The entrainment of a free or wall jet at zero forward speed can be estimated on the basis of simple momentum
conservation and geometrical assumptions, see e.g. (9, 10). For a free jet this already has been discussed
in section 4.1.1. For the other properties mostly empirical relations or semi-empirical formulas have to be
used. The dependency on numerous empirical constants is still the major problem in predicting such flows.

One of the basic questions still somewhat open is the

* deformation of the JET SHAPE and CENTER LINE in a cross flow,

shown in figure 10. Here the deformation from an initially circular shape via horse-shoe sections into a
pair of counter-rotating vortices has been sketched from experimental data. In addition the jet axis,
defined by points of local maximum total head, and the vortex axis, defined by points of maximum vorticity
are shown in this figure. Both lines differ distinctly from each other. In absence of a more refined theory
the question, which line represents which effect best, cannot accurately be answered. From experiments,
however, it is proved that force effects on wing/body combinations are quite reasonable represented by the
jet total head center line, but for downwash problems on the tail the vortex axis should be taken into
account.
Since most of the prediction problems of V/STOL aircraft are lift loss problems, research on total head
center line deformations in a cross flow has widely been experienced, see e.g. (10). An empirical formula
which was successfully used in practical applications is shown In figure 11. The most important flow
parameter In that equation is the

* EQUIVALENT VELOCITY RATIO, 2
- being the square root of the dynamic head ratio (.f.U/, . V2)1
or simply the velocity ratio U" /VJ In incompressible flow. j

inicmresbef
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It should be noted, however, that the relation only holds for almost ideal circu!ar jets. Rectangular jets
with the small side perpendicular to the free stream flow are much stiffer and consequently, jets with the
long side perpendicular to the wind direction are considerably weaker with respect to crosswing deformation.

The single jet evaluations discussed so far are primarily important for the general understanding of jet
properties, but V/STOL aircraft normally have more than one engine or jet. This autnmatically leads to a
mutual interference of the exhausting jets. From tests it is well-known, that

9 the MUTUAL INTERFERENCE EFFECTS
- are small for jets positioned side by side to the free stream, but
- highly magnified for jets positioned in line.

Hence, only the latter case needs major attention, see (10). To estimate the mutual interference of two
in-line jets, as sketched in figure 12, it is assumed that

- the front jet is to be treated as single jet with negligible interference by the rear jet;
- the rear jet also acts as a single jet, but in a reduced free stream velocity;
- the reduction in velocity is a consequence of the wake behind the front jet, following the properties of
wakes past three-dimensional solid bodies;

- the slope of the merged jet axis is mainly determined by the rear characteristics, and
- finally the momentum of the merged jet is the sum of the front and rear jet's momentum.

As shown on the right part of figure 12, the comparison between experiments and approximation method is
apparently good.

4.2.2 Jet Interactions out of Ground Effect (OGE)

One of the most critical phases during the flight of a V/STOL aircraft is the so-called

e TRANSITION PHASE, defined as that period in which the wing lift is not yet or any
longer sufficiently developed, and the aircraft needs jet lift support.

As mentioned in the preceding sections, the

e SUCKING ACTION of a jet in a cross flow - modified by displacement/wake and jet
deformation effects - remarkably reduces the lifting force of the jets.

This is demonstrated on the right part of figure 13, see also e.g. (9, 10, 18, 19). Here the relative lift
loss &L/T has been plotted against the equivalent velocity ratio (urn/v.) with the nozzle swivelling angle
Was paramter. It can be easily seen that for jets with an axis perpendcularly to the free stream almost
the complete jet lift will be cancelled by its suction at higher speed ranges. However, not shown in the
figure 13 is the parabolic development of wing lift working against the adverse effects - see (18) -, such
that the nozzles can be continuously swivelled backwards to reduce the lift loss and accelerate the air-
craft to wing-borne flight.

It is of fundamental interest for any designer of V/STOL aircraft to predict the lift losses at an early
design stage already. Hence, quite a number of engineers and scientists have established prediction methods
in the past, see e.g. (9, 10, 19, 20). In principle they all use panel models for the basic aircraft but
differ with respect to the implementation of the jets as well as on the assumptions made for its proper-
ties.
To illustrate the general prediction approach, in the left part of figure 13 a procedure which correlates
sufficiently good with experimental results has been sketched:
The fighter-type aircraft has been represented as a half-model using about 800 panels. The jet center lines
are calculated as in-line jets according to section 4.2.1 and figure 12. The jet diameters are assumed to
be constant for each jet, corresponding to the individual nozzle diameters and the merged jet section
respectively.
On the jet surface the in-flow velocity V* - see figure 5 - has been prescribed. A semi-empirical cross• e
flow correction for both the entrainment and the blockage - see (10) - was introduced to modify the ideal
boundary conditions at zero forward speed and to establish a final jet panel model of about 800 panels.
The results obtained with such prediction model are in agreement with the set of curves shown at the right
hand side of figure 13, i.e. with experimental work. They also agree fairly well with flight test results.
However, it should be noted that prediction models which need some empirical informations from model test-
ing automatically implement any divergence between model and full-scale testing. E.g., if the model jets
had been cleaned up to almost ideal jets, its decay is less strong with respect to the aircraft jets, and
consequently the full-scale lift losses exceed the predicted values.

4.2.3 Jet Interaction in Ground Effect (IGE)

From practical experience it is known, that an aircraft is considered to be in ground effect as long
as its ground clearance is less than about one wing span. The jet interactions which occur during the time
period from "Engine Ingnition" to "Out of Ground Effects" strongly depend upon the take-off or landing
procedure, see (18).
In principle two different techniques are applied, namely:

* TRUE VERTICAL TAKE-OFF (TVTO) and ROLLING VERTICAL TAKE-OFF (RVTO)

The RVTO technique is mostly used to avoid severe engine recirculation or ground rosion effects as well as
to perform over-load take-offs.
Since recirculation and ground erosion effects are beyond the scope of this paper, the discussion of jet
interaction ef'ects is concentrated on TVTO, and especially on its worst case, which is
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* HOVERING in ground effect

This Is because of the fact that a rather small loss in the predicted lift-otf potential is directly pro-
portional to a considerable decrease in the range of an aircraft.

As mentioned above and shown in figure 14 the

" JET SYSTEM in HOVERING generally consists of three parts, namely
- the FREE JETS
- the WALL JETS and finally
- the JET FOUNTAINS

In absence of any forward speed the

" SUCKING ACTION of free and wall jets due to the entrained ambient air is
responsible for a severe SUCK-DOWN EFFECT on the aircraft

This is shown in figure 14 by the dotted line at the right hand side. The lift-loss is mainly caused by the
wall jet entrainment. At small ground clearances it can easily be in the order of the total installed thrust,
provided that the engines are concentrated in the middle of a wing and the vertical distance between wing
and nozzle exit is small enough. Hence, an aircraft designed in such a manner could never take-off vertically.
But even for an aircraft with well-spaced nozzles the lift loss due to the suck-down effects at small ground
distances will be in the order of 10% to 20% of the total installed thrust. As shown in figure 14 it de-
creases continuously with increasing height h above ground, generally related to the wing span b.

At heights above ground in the order of about a wing span the aircraft is considered to be out of ground
effect. The remaining suction loss is still in the order of about I or 2% of the installed thrust. This is
the sucking action of the free jets alone at zero forward speed. Compared with the sucking action of wall
jets their amount is evidently much smaller. However, the final loss again depends upon the jet exit pro-
perties, as discussed before.

Since most aircraft have more than one exit nozzle, and the distance between the nozzles usually is of the
order of some diameters, the free jets impinge the ground independently from each other as single jets.
On the ground any free jet is transformed into a wall jet. The individual wall jets meet together at the
so-called

* STAGNATION LINE, which is understood as a line on which the normal momentum components
of the wall jets cancel each other and only a tangential in- or out-flow exit, therefore.

This is also shown in figure 14. Of special interest are the

* STAGNATION POINTS, which divide the in-flowing from the out-flowing momentum along
such lines;

If the impingement points of the single jets as well as the stagnation points are known, the total in-flow-
ing wall jet momentum can be evaluated. It can easily be seen that such a flow must separate from the
ground in a point on which the total inner momentum flows meet together. This point is called fountain
origin whereas the

* FOUNTAIN JET MOMENTUM is the sum of the in-flowing momentum parts of all contributing
wall jets, and
- three jets are at least necessary to form such a flow.

As shown in figure 14

f a F3UNTAIN JET can considerably reduce the lift loss and even result in a positive
lift, however, it should be equally noted that
- it can contribute to severe recirculation problems.

Furthermore, the fountain jet may not be compared with a steady up-flow. There is always a more or less
strong vortex flow superposed; oscillating with rather low frequencies on the ground and consequently on
the aircraft, too.

The prediction of IGE-qnteractions is still troublesome with respect to the fountain flows.
The cdlculation of the suck-down interaction can be done with the help of conventional panel codes, as
sketched in figure 15. In a similar way as described for the transition effects both the aircraft as well

as the free and wall jets are to be simulated by a panel network with a cutout of all regions of fountain
flows. Along the solid surfaces the conventional boundary condition of zero normal velocities exists, but
on the jet boundaries the local in-flow velocities have to be prescribed.
The result of such a calculation for a fighter-type aircraft is shown in figure 15. To obtain the suck-down
effects the aircraft was treated as a half model, represented by about 800 panels. For the free jet simulat-
ion about 150 and for the wall jets only about 100 panels have been used. The predicted suck-down effects
are in rather good agreement with experimental results.
To estimate the fountain lift effects, the jet foot-prints and especially the stagnation lines have firstly

to be predicted - see (10, 19) -, giving the total fountain momentum and its origin on the ground. The
conversion of the fountain jet into a lift force belongs to the problems of primary jet interactions as
discussed in section 3.2. Unfortunately, up to now no appropriate method is known and, hence, the conversion
has to be done with a rather limited experimental information.

The output of such a fountain lift estimate is equally shown in figure 15, indicating a rathe" significant
lifting action of the fountain jet.
The superposition of both the suck-down and the fountain lift estimate is indicated in figure 15 below,
together with some experimental data. The agreement is quite good, but the position of the maximum lift



gain could not be accurately predicted. It is assumed that this Is mainly the consequence of the open
problems in fountain flow prediction and especially in converting a jet momentum into a lifting force.

4.3 Unsteady Jet Interactions at Low Speeds

The jet interactions discussed so far are exclusively related on steady state interference problems.
In order to solve such problems the description of a jet by its mean values was quite successful, as
shown In the previous sections, although the turbulent mixing between jet flows and ambient air is an un-
steady process by nature.
However, especially at low speeds jet induced buffet-like interactions have sometimes been observed, which
are only to be explained from the unsteadiness of a jet. The effects have to do with the installation of
large high by-pass engines in close proximity of wings, fuselages or tails. For such types of installation
the jet boundary is also in close proximity to the solid surfaces, and the jet velocities in the outer
part are of the same order of magnitude the free steam velocities are. In addition, the jet spreading has
its maximum at zero forward speed.
To review the situation in figure 16 some simple test informations have been compared. Hereby it Is assumed
that the steady flow measurements are done with pitot probes, but the unsteady information was obtained
from hot-wire anemometers or lasers. In both cases the static pressure inside the jet should be equal to
the ambient. As it is well known, for the

STEADY JET FLOW a velocity profile - as shown on top of figure 16 - will be measured,
- which is similar for all other axial stations downstream, and
- indicates a linear jet spreading R(x), whereby the spreading angle depends upon

the definition of the jet boundary as well as upon the test equipment resolution.

Repeating the tests e.g. with a hot-wire anemometer or laser the

" UNSTEADY JET FLOW tests naturally result in the same mean values,
- the time history indicates turbulent mixing signals at the inner part of the jet,

but furthermore
- stochastically distributed periods of unmixed laminar flow well inside the

jet, as well as
- periods of turbulent mixing well outside the steady jet boundary.

The latter results obviously demonstrate, that the

" REAL JET BOUNDARY R(x) fluctuates at any axial station across the steady jet
boundary R(x).

This fluctuation is a normal property of the turbulent mixing process, but it also depends upon the jet
exit flow conditions. Hence,

* the FLUCTUATIONS of a JET BOUNDARY are also controlled by the individual jet exit
properties as well as by the matching of the fan and generator flow of a by-pass
engine.

Unfortunately, little information about such fluctuations obtained from testing engine or aircraft models
can be used to predict full-scale problems.
To get a better insight, in figure 17 a procedure has been sketched, which allows the evaluation of the
intermittency of a jet. Hereby

* INTERMITTENCY is defined as the time period of turbulent mixing, compared with the
total testing time,
- giving a first information of the fluctuating nature of a jet at any point of the
associated flow field.

To obtain the intermittency factor a triggering device can be used, separating turbulent from laminar
events, and counting the turbulent time periods as well as the total time.
As a result of such tests the right hand part of figure 17 shows a typical result obtained from experiments
on rather clean nozzles:
Based upon the steady state jet boundary, temporarily the unsteady boundary can be well inside to about
0.6 R, but it also can be well outside up to about 1.5% of the steady state jet radius. Since within the
mixing layer large eddies exist, these eddies can Impinge the aircraft and sometimes result In dynamic
problems as mentioned before.
Such potential problems have been observed on powerplant installations in close proximity to wings,
fuselages or tails. They are generally restricted to low speeds and are not a serious problem in cruise
flight. Nevertheless, for future design work and aircraft optimization a more detailed information seems
to be of high value.

5. CONCLUSION

Since about 40 years an outstanding progress in aircraft and engine design has been made. This includes
the optimization of positive as well as the minimization of negative aspects on jet interactions with
respect to neighbouring surfaces.
To Illustrate the broad field of such Interactions some examples of primary and secondary Interference
phenomena have been reviewed, concerning subsonic/sonic jets within the range from zero forward speed up to
the transonic flight regime. This has been done specifically with respect to actual problems of modern
transport aircraft design as well as with respect to the renewed Interest in military Jet-V/STOL aircraft.
The discussion of the described interaction problems shows, that the phenomena are principally quite well
understood, in spite of the complex nature of such flows. The prediction, however, Is still somewhat limited.
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This is due to the still existing difficulties in the theoretical modelling of three-dimensional turbulent
flows, which will be a permanent challenge for the future. But, as it has been shown, some specific problems
can be handled on the basis of potential-theoretical flow, provided that the boundary conditions are proper-
ly given. Unfortunately, such Informations are missed very often, also because of the lack of full-scale
engine test data to replace the simplified model test results.
With respect to the progress made in the past, however, it is assumed, that the open questions discussed
above will be answered in the near future already.
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SUMMARY

The scope of the present paper is the study of the shear-stress field produced by
simple and multiple circular jets impinging on a plane surface with either normal, obli-
que or parallel incidence.

The mean shear-stress distribution produced by a single normal jet was measured
with a Preston tube and a law for the radial variation of Tw is proposed for the wall jet
region. Measurements of the shear-stress fluctuations with a hot-film sensor showed that
the intensity of the fluctuations is small compared with the shear-stress mean value.

An erosion technique was employed to evaluate the shear-stress field. The calibra-
tion of the technique for sand particles was done in the flow produced by a normal jet.
The variation of Tw and lines of constant shear-stress were obtained for oblique and pa-
rallel impingement. In the latter case a dual jet arrangement was also considered.

An analytical model, based on Reichardt's inductive theory of free turbulence, is
developed for the description of the mean properties of the flow produced by single and
dual jets parallel to the plane.

SYNBOLS

D Nozzle diameter uC Friction velocity
H Height of the jet x,y,z Cartesian coordinates
Ro Jet's Reynolds number P Velocity coefficient
Rr Local Reynolds number v Cinematic viscosity
R Particle's Reynolds number C1,C2 Non dimensional coordinates
U0  Jet exit velocity p Density of the air
d Mean size of the particles Tw Shear-stress on the wall
k.ko Free jet constants Tc Critical shear-stress
k',ko Parallel jet constants 00 Angle of incidence of the jet
r Radial cilindrical coordinate P Shear-stress coefficient
u,v,w Velocity components

I.- INTRODUCTION

The interaction of single and multiple jets with a solid surface arises in many
practical applications, namely in connection with V/STOL aircraft when operating near or
on the ground. One of the effects of this interaction is the projection of solid particles
or even the actual erosion of the terrain. This effect is closely related to the shear-
-stressfield produced by the flow on the surface.

The complexity of the flow makes it difficult to predict the shear-stress distri-
bution entirely by analytical means, therefore recourse is had to experimental data. Most
of the available techniques require tedious point by point measurements in order to obtain
a detailed description of the shear-stress field. Some other techniques are qualitative
in nature, giving only a visual description of the flow, that may be useful but not suffi-
cient in many cases. In the present paper use is made of an erosion technique that gives
an immediate quantified description of the shear-stress distribution on the surface.

The study was carried out with circular turbulent jets set either at normal, obli-
que or parallel incidence on a smooth flat plate. In the latter case a dual jet configu-
ration was considered in order to test the applicability of the experimental technique
and analytical model used for multijet situations. The main objective of the study was
the characterization of the mean shear-stress field on the surface.

The flow produced by the normal jet was employed to calibrate the erosion technique
which was then applied to the study of oblique and parallel jets for several configurations.
An analytical model, based on Reichardt's theory of free turbulence,was developed for the
case of a single and a dual jet parallel do the surface. The agreement found between ex-
perimental results and the model predictions validate the assumptions made in its deriva-
tion and gives an indication that it should be equally applicable to more complex flow
situations.

2.- IIPERIMKENTAL SETUP

In the experiments use was made of a set of different nozzles fed with compressed
air. Most of the single jet experiments were made with nozzles of internal diameter D-3.91
mu and 8.74mm. The nozzles that were used in the dual jet experiments had D-3.0 and 

4
.Omm.

The jet exit velocity Uo was always subsonic. The value of Uo was calculated from
thenozzle total pressure and ambient condition values, assuming isentropic flow conditions.

Aq
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The nozzle unit was mounted on a structure which could be set at different angles

and distances from the solid boundary. This consisted of a plate of plastic laminated ma-
terial of the type currently used in the manufacture of blackboards. Its surface was
smooth, though not polished.

Mean values of the velocity and shear-stress were obtained with a round total pres-
sure tube used either as a pitot tube or a Preston tube. As the static pressure was equal
to the ambient pressure almost everywhere for the flows that were studied, the total pres-
sure reading was a direct measure of the dynamic pressure. Some measurements made with a
pitot-static probe checked this assumption. The Preston tube was calibrated using the re-
sults of Head & Ram {1) and its validity was verified in a fully developed smooth pipe
flow.

Some turbulent characteristics were determined using constant temperature hot-wire
probes and a Disa anemometer unit. Measurements of shear-stress fluctuations were also
made with a hot-film flush mounted probe, operated at constant temperature with the same
electronic equipment. The calibration of this probe was performed directly on the jet flow
using the results obtained with the Preston tube.

A detailed description of the experimental equipment is to be found in Viegas (21.

3.- NOR4AL JET

The flow produced by a circular turbulent jet impinging normally on a flat plate
is sketched in figure 1, together with the main symbols used.

D

- 4-
ric

Figure I - Normal jet Flow

This flow has been described and studied by several authors (Ref.{3lto{8}). Most
of these authors studied the mean pressure and velocity fields, as well as their turbulent
caracteristics, either in the impact region or in the radial wall jet. However, as already
mentioned, the main purpose of the present paper is the shear-stress distribution on the
plane surface. In the case of the normal jet stress fluctuations were also studied in or-
der to evaluate the magnitude of the error involved in the erosion technique.

The shear-stress Tw at the wall can be represented by the non dimensional paramete

w H

2.- (--
P Uo

which is a function of r/H and of the jet's Reynolds number

U0 D
R 0 - (2)

V

For the impact region (r/H< 0.2) ref. (61 presents the following expression:

- O.0576{1-exp(-_14() 
2 )

H} _ 
3.02 .-!{exp(-14(--L)

2
} (3)

i~ ~~~ H .... .. H , .. ii -Ill l fI I '
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which represents the experimental results quite well for r/H<0.3, as is shown in figure 2.
For the wall jet region can be expressed by:

- rt
s . r )(--(-)4)

where both s and t are slowly varying functions of Ro . The present measurements, together
with those of (3},5) and 16), showed that:

s - 0.214 Ro
-
0 .

2 5 6  
(5)

t = - 0.878 Ro  (6)

Substituting Eq. (5) and (6) in (4) one obtains:

- 0.214 R- 
0
.25

6
(r 0.878 Ro

0 0 78  
(7)

The experimental results are shown in figure 2, in comparison with the curves gi-
ven by Eq. (3) and (7) for several values of Ro .

-4
HA1) R xlO Ref.Eq(3

0.0 ......0 - 0 =

*20.5 0.78 Pres.
0.38 1.08 res. 0.1

*20.5 1.87
o 38 3.34 1
4 20.5 3.34
A 38 6.75 0
A 20.5 8

7 65.7 6.2 16}1
V 21.2 8.0

Dg. (7)
18 18 W

9.22 {5l 424.5 1 l
41.5

Figure 2 -Radial variation of 4
tP for the normal jet

0. 001___-

0.01 0.1 1 r,/i 10

Shear stress fluctuations were studied for different values of Uo and at different
radial locations. It was found that in the close vicinity of the stagnation point the hot
film probe had an anomalous behaviour, as was also noticed in ref.{91,{101 and {11). The
intensity of the fluctuations was found to be small compared with the mean value T.. The
relative intensity is shown in figure 3, as a function of Yw; it decreases from about 25%

1.0 I i , I I i I "'

w 00

000 A L ,AA
0.1 ~ D r ) OC

3.91 50
10 8.74 50

0 8.74 100
• 8.74 300

0.0] I I I I p I I I I I ! I

L0
- 3  

10
-
2 10

-  
1 T (Pa) 10

w
Figure 3 - Intensity of the shear-stress fluctuations as a function of its mean value
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to 10% in the range of the present measurements. In turbulent fully developed pipe flow
the same behaviour and values of the same order were found by others, namely 112} and {13}.

4.- EROSION TECHNIQUE

When a jet impinges on a plate covered by a thin layer of uniform particles, they
can be entrained by the flow and an erosion figure thereby formed. Its shape and size de-
pend on the flow configuration and velocity, and on the characteristics of the particles.
If the velocity of the jet is raised the size of the figure will increase until an equi-
brium state is attained in which the particles do not move.

The erosion te-'-nique is based on the fact that the critical shear-stress Tc that
is necessary to inici;. :he movement of particles of a definite size, shape and density
is practically constant, provided the particles are small enough to be well embeded in
the cons .ant shear-stress layer.

Sand particles were used in the present experiments. They were carefully sifted
and samples of relatively uniform size were used. The samples that were most commonly u-
sed had mean sizes d-0.30mm and 0.42mm. For each size the value of Tc was found to depend
on the density of distribution of the sand over the plate. A density parameter ydefined by

P (8)
P0

was introduced. P is the weight of a sample of sand distributed on a unit area, and P, is
the weight of a compact distribution on the same area of spheres of the same size and den-
sity.

The measurement of Tc was done using the flow produced by the normal jet. Given
the axisymmetry of this flow, the erosion figures are aproximately circular, as can be
seen in the sample photos shown in figure 4.

.1,

a C

4A
b d

Figure 4 - Some typical erosion figures produced by the normal let. ,a- 1=
y=0.25: (a)-R xi13 =0.981

r c

y=0.63: (d]-5.48;0.108.

The value of Tw at the edge of each figure was computed using Eq. (3) or (7). The
results of this calibration are represented in figure 5 for the sand with d-0.3Omm, for
different values of y. The abcissa of this figure is the local Reynolds number

R - u, r

r V

As can be seen, for Rr greater than about 10
3
, the value of Te is ractically cons-

tant. Therefore a value 
T
c can be assumed for this regime, which is independent of the

large scale properties of the flow and depends mainly on the local properties of the boun-
dary layer, as was stated before. The dipersion of the experimental points is less than
±4%, which is consistent with the order of magnitude of the shear-stress fluctuations and
the errors involved in the evaluation of the erosion figure contour. This results in an
overall precision that is comparable with that of other techniques.

The particle's Reynolds number RT defined by:
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R - d (10)
T V

varied between 1 and 7, which shows that the size of the particles is of the same order
of magnitude as the width of the viscous sublayer of the flow.

0.2

¥U

T C

V 0.020 3
(Pa) * 0.224 U

•1. 59
M 5.57

0.1

_V w_ _V__
0 1

10 3 104
r

Figure 5 - Critical shear-stresses at the edge of the erosion figure for d=0.30 mm

Tests with different mean sizes and densities of distribution gave the following
dependence of T c on d and y:

c . 0.234 d 0.538 Y 0.207 (11)

where d is expressed in m and t c in Pa.

The results obtained by this technique were found to be quite repeatable and con-
sistent for different flow geometries and densities of distribution.

5.- OBLIQUE JET

The flow produced by an oblique jet impinging with an angle 00 on the plate is
sketched in figure 6. A detailed description of this flow can be found elsewhere ({141
and {15) ).

*B

Hx

0

A

x

Figure 6 - Oblique jet flow
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Erosion tests were made for several configurations, varying the parameter H/D be-

tween 15 and 80. The angles of incidence were 15,30,45 and 600. The validity of the pre-

vious calibration was checked for the oblique and parallel jet (0,-60 and 00 respectively).

The results of the erosion tests for these cases showed a good agreement with direct mea-

surements of 
T
w using the Preston tube, thus confirming the assumptions that were made

about the independence of Tc on the large scale flow properties.

The maximum value of Tw on the plane is associated to the most severe interaction

between the jet and the surface, which makes its knowledge of great practical importance.

Some tests with the normal jet showed that this maximum value Pm depends on Ro and H.

Using the erosion technique aproximate values of Pm were obtained for different angles of

incidence. These are shown in figure 7.

1.0" "

0.1

0

0.01 o Pres. res.

e ref. (3)

C3ref. {61

0.001 L__ _ _ _ _ _ _ _ _ _ _ _ _

0 o0 600 900

Figure 7 - Maximum shear-stress coefficient for different angles of incidence

It was found that 'm varies aproximately with:

2
-m 0.46 sin 'o (12)

as is shown in the figure. Noting that B-H/sino is the distance along the jet axis from
the nozzle to the plate and using the definition of *, one gets:

TB2 _1 OU 
2

2 0 D
2  (13)

This result means that the maximum value of the shear-stress is related to the

distance of development of the jet before impingement, wathever the angle of impingement
may be. The same behaviour was observed for the stagnation pressure by {41 and {14).

Outside the impact region Tw decreases also according to a power law similar to

that of Eq. (4). Representing by x1 and x 2 the abcisse of the edges of the erosion figu-
re, located respectively at the right and at the left of the stagnation point (cf. figure
6), one can define the non dimensional coordinates &I and E2 by:

Xl-A (14)

XA-X2

&2 - H (15)

The results obtained for different angles of incidence are shown in figure 8 (a)

and (b) respectively for El and E2"

The values of a and t in Eq. (4) for the oblique jet are shown in figure 9. In

this figure the values-of ' and '0 are related by:

*< 900 ' 'O

'P> 900 180 - 0o (16)
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1.0 ,

0

*0 H/D
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0.I LI 06 -16.
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Figure 8 - Shear-stress variation along OX axis for the oblique jet
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The contour of the erosion figures can be assumed to be lines of constant shear-
stress values on the plane. As for the oblique jet the flow is no longer axisymmetric it
could be expected some variation of T c ocurring along the erosion contour. However bearing
in mind the results shown in figure 5 it is reasonable to neglect this variation as it
must be very small.

From the photos obtained during the erosion tests, lines of constant shear-stress
were drawn for the different cases that were studied. These are shown in figure 10.

3

y 0i iX1 3=2.1

8
1

15 12

0

1 3

-3 02 3

Figure 10 - Lines of constant shear-stress

An interesting property of these lines is that they are similar for each angle of

incidence. This was found by reducing them to the same lenght. The collapse of the lines,

although presenting some scatter, allows the definition of mean lines for each value of

o" These are shown in figure 11.

The shape of constant shear-stress lines is very similar to the constant pressure
lines presented by {14}. Two of these lines for *0-

3
0 and 600 are represented in figure]

10. Their actual size is that shown by the shaded area. They have been magnified to faci-
litate comparison with the constant Tw linac. I

I

.... .... 

I4III 

11 I I 
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=0 90
0

Figure 11 -Shapes of constant shear-stres- lines for different angles of Incidence

6.- PARALLEL JETS

Considering two parallel jets with the same characteristics, located on the OZ axis,
figure 12, following 1161,{17) and {21 it is found that the dynamic pressure at a point
Q(x,y,z) is given by:

2 k 2 , 1 2.z'
UD 2 (0-)exp ) cosh -2: (17)UD)-T(kx' ) 2 (kx') 2

where k and koare characteristic constants of the jets and:

X- XIS ; y'- yIH ; z'- z/H (18)

U H

U - H(19)

Eq. (17) shows that for two free jets U does not depend explicitely on H/fl.

Making z-0 and y-O in (17) one gets respectively:

-Y ko ex (-I,,,2  (20)

y xv 2(kx')
2

k 2_z
Uaep((' +1 2os (21

- / --.- xp{ (kx----))cs (kx') 2  (

These equations give the velocity profiles on XY and XZ planes respectively.

The present analytical model predicts the stachment of the two jets, which after
some distance (x 40H) behave like a single circular Jet with characteristics similar to
the original ones. A detailed analysis of this model and its agreement with experimental
results cam be found ina ( 2).
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Considering only non negative values of z in Eq. (17), this model can be used to
study the interaction of a single jet parallel to the plane X¥.

Velocity profiles given by Eq. (21) are compared with experimental curves in fi-
gure 13. The agreement is quite good except in a small region close to the surface, as
could be expected because of the no-slip condition at the wall.

4h 1 1 011
404.

3 \ Ib 1.1 8.4 -

d 10.7 116.01

Figure 13 - Velocity profiles

. . in the symmetry plane

N b for a single parallel

---- Experimental curves

-Model prediction

0
0 0.5 1.0 1.5

Wz
As the shear-stress distribution is related to the velocity field close to the

surface, the same model will be used to predict the variation of Tw on the plane XY where
u shall be replaced by uT and it can be written:

2u
2  

2 2
- -2 2 exp(- + ) (22)

0 (k'x')
2

o

In this equation k and ko were replaced by k' and k'. Their values were determined experi-
mentally by comparison of the curve of Eq. (22) witE direct measurements of Tw . The best
correlation was obtained with ko-0.46 and k'-0.11.

Solving Eq. (22) in order to y' one obtains:

a b

d

Figure 14 - Some erosion figures produced by a single parallel jet 11/0-1.0.
4(aJ-un*15.5m/si #)XlO .4.21 (b-21.9s2.8, (c)-43.830.60, (d)-68.1i0.30.
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y W./kx')
2  in 0 ~ . (23)

V~ X12

that represents a family of lines whose parameter is .

C onstant sehear-stress lines obtained by erosion tests (figure 14) are compared
with those g iven by the present model in figure 15 and the agreement is found to be good.
For the s maller values of ~an empirical variation of k' between 0.11 and 0.24 was adopted
to allow for the efect of boundary layer transition. For details see {2}.

5.

y/H X04 .

0 10 20 30

30

H/D-1 .0

----Erosion tests 0.3

- Motdel prediction -

-------------

------------ 0.47

0 - -~ 2.8 -1.25 0.60

0 50 100 xc/H

Figure 15 - Lines of constant shear-stress for the single jet

In the case of two equal jets parallel to the plane XY the same procedure used
above leads to:

k' 2 y +W2SX
4 o 0 exp( cosh~ Sy (24)

1(k'x') 2 ~ oh(k'xo)
2

CX S/H 3.33 *S/H =4.62

100

0*4 

± D- d

10 0 17
0IH x/

Figure ~ ~ ~ .16 Vraino h ha-te sofiin algOX ndC axs orte uljt



3-12

This equation represents the shear-stress distribution on plane XY. The experimen-
tal values of the constants are k'-0.12 and kL,0.55. The slight deviation in relation to
the previous ones is certainly due to differences in the internal geometry of the nozzles
used in both experiments. A configuration parameter S'-S/H is present in Eq. (24) (2Sis
the distance between the two nozzles). It is easily recognized that the most relevan-t ran-
ge of variation of S' is between 1 and 10. The following values were considered in the
present study: 1.54, 3.33, 4.62 and 10.0.

The variation of J along the OX axis (y-O) and CX axis (y-S) is shown in figure
16 for two of the cases that were studied.

Lines of constant Tw obtained both by erosion tests and by the analytical model
are shown in figure 17.

y/li SIP= 1. 544
1 x l O 

4 =  
2 . 4 5

--- -- --4.75

0 - 18.6 117.%,5 9

Erosion tests

---- Model prediction

0 50

20 S/H = 3 .33 0 .55

- 1.08

-20

o 50 100

10
S/M 4.62 2.76

-71

-10

50

Figure 17 - Lines of constant shear-stress for the dual jet
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7.- CONCLUSION

The present paper showed that it is possible to study the shear-stress field pro-
duced by a complex flow - such as that of turbulent jets impinging on a plane surface-
by means of the erosion technique.

Mean shear-stress measurements for the normal jet agreed with previous results
and a more general law for the radial Tw decaying including Reynolds number effect, was
proposed. The constant shear-stress lines obtained in the oblique jet shoved a similarity
for each value of the angle of incidence.

The experimental results obtained with parallel single and dual jets were quite
consistant with the analytical model proposed, both for mean velocity and shear-stress
fields. The application of the present model and technique to mor-e complex flow situations
- asymmetrical or multiple jets - is staightforward and is expected to have sufficient
accuracy for many engineering applications.
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RECOLLEM~ENT DE DEUX JETS SUR EUX-MEMES

Claude Bourque, professeur titulaire
D6partement de g6nie xn~canique

Universit6 Laval, Qu6bec, Canada
01K 7P~4

RESUME

Une 6tude exp~rimentale et th6orique du recollement sur eux-m~mes de deux jets tur-
bulents incompressibles a 6t effectu6e. Ces jets de quantit6 de mouvenlent diff6rente
sont issus de tuy~res de directions initiales quelconques s6par6es par une paroi solide.
Ils entourent donc avant de se rencontrer une zone morte en d6pression ou en pression sui-
vant les directions initiales relatives des jets.

Exp6rimentalement, la position du point mort correspondant au recollement a 6t6 d6-
termin6e pour diff6rentes valeurs des param~tres g~om6triques. Des mesures de profils
des vitesses dans le jet r6sultant ont 6t faites et la direction ainsi que la position
de ce jet ont 6t6 d6termin6es.

La th6orie donne la position du point de recollement, la pression dans l'eau inorte
entre les jets initiaux et le d6veloppement du jet r6sultant.

NOTATIONS

b largeur de la tuy~re
Cp coefficient de pression
d position du jet r6sultant
D distance entre les deux tuybres
J quantit6 de mouvement
p pression statique
Q debit volumique
R rayon de courbure de la trajectoire d'un jet
S distance le long du jet
t variable d~finie par l'6quation (8a)
u vitesse en un point du jet
U vitesse A la sortie des tuy~res
X distance normale au plan contenant les sorties des tuy~res
y distance normale a S

Y valeur de v & la ligne de courant de s6paration
Y distance dans la direction du plan de sortie des tuy~res

CL direction du jet r~sultant
B direction des jets

Ap diff6rence de pression statique
P masse sp6cifique
a constante
6 angle de recollement des jets

INDICES

e entraln6 de l'eau norte
loin des jets

0 dans le plan de sortie des tuy~res
r retour dans l'eau morte
R au point de recollement
1 jet principal
2 jet secondaire
3 jet r6sultant
X dans la direction X
Y dans la direction Y

Depuis l'av~nement de Ia fluidique en 1960 de nombreux travaux sur la d6viation d'un
jet principal par un jet de contr6le plus faible ont 6t6 publ16s. Il s'agit g~n~ralement
d'un jet de contr~le perpendiculaire au jet principal et adjacent A ce dernier tel que ren-
contrg dans les amplil'icateurs proportionnels ou les 6l6ments A bascule. Par ailleurs lors-
que l'on veut comparer deux jets dont la quantit6 de mouvement est du mime ordre de gran-
deur, on utilise un modulateur de deux jets en sens inverse sur le m~me axe.

On peut concevoir un 6l6ment qui peut servir soit d'amplificateurprcportionnel, soit
de modulateur et qui eat constitu6 de deux jets parallbles ou divergents 6loign6s au 6
part d'une certaine distance. L'avantage de cet arrangement est que le jet r6sultant est
d6plac6 ou d6vi6 entre des limites finies et bien d~finies lorsque le rapport des quanti-
t~s de mouvement des deux jets varie dez~ro A l'infini. Ce probl~me de recollement de
deux jets a 6t abord6 par Marsters (Ref 1) qui s'est limit6 A la d6termination du recol-
lement de deux jets parall~les identiques. Une &tude plus g~n6rale th6orique et exp~ri-
mentale avec des jets de directions et de quantit~s de mouvement diff6rentes et incluant
la direction du jet r6sultant a donc 6t entreprise.
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THEORIE

La formulation des 6quations conduisant h la dOtermination du point de recollenient
Tr (Ref 2) est bas6e stir le modcle utilis6 & la r~f6rence 3 avec les hypoth~ses suivantes:

1) le fluide est incompressible et le mime partout
2) l'6coulement est bidimernsionnel
3) l.a vitesse A la sortie des tuy~res est uniforme
4) la pression dans la bulle est uniforme
5) ~les jets sont minces
6) les trajectoires des jets avant le recolleient

sont des arcs de cercie
7) les profils des vitesses des jets sont donn6s

par la th6orie bidimensionnelle de G~5rtler

Le mod~le de l'6coulement r~sultant de ces hypoth~ses est pr~sent6 A la figure 1.

o2 R

ly
d

/3R

Figure 1: M'odale de l'4coulement

Pour chaque jet, le coefficient de pression dans Ileau morte est

oti 
(2

AP Pe -P.~- (2
ce qui permet d'6crire

2 (3)
p

Int~grant selon y le profil des vitesses de OG5rtler

U F& sech 2  ix(4)

on obtient le d~bit volumique en fonction de la distance S mesur~e partir de
l'origine th6orique du jet situ~e A tine distance ab en amont de la tuyare.
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a bf

Cette 6quation multtll16e par sa d6riv~e donne

Q dQ =3 dC

Pour une trajectoire en arc de cercie

d (Sj= da
et 1'6quation (6) devient

Q_ dQ _3 d5

Q ; _= &cp

qui peut ktre lnt~gr6e h partir de la tuy~re

04 Q et

0o

pour donner le d6bit en fonction de 1'angle

Pour qu'il y alt conservation de la masse il faut que la somme des d~bits de retour
dans la bulle des deux jets au point de recollement soit 6gale A la somne des d6bits en-
traln~s par les deux jets du c~t6 de la bulie entre les tuy~res et le point de recollemlent.

Le d~bit Qr qui revierit dams la bulle est obtenu pour chaque jet en int~grant le pro-
fil des vitesses de -y A au point de recollement

Q -- 0 (l-tR(8

t tanh (8a)

D'autre part le d~bit entraln6 par um jet du c6t6 de la bulle est

1
Qe= 7 (R - Q, (9)

L'B6quatlon de conservation de la masse dams la bulle peut done s'~crire avec les
6quations (8) et (9).

1 + t R2 (1 _ tR2 -o ~ 2

Introduisant

i

et avec 1'6quation (7) on obtient

1 B o') J_ 2 ~ 6 J2 802)]=J (11)
Rccp 1  l+jj '2 G p1  1l

Les valeurs de t dominant les d6blits de retour sent d~termin6es A 1'aide d'6quations
de quantit6 de mouvement. Coimme pour le recollement d'un jet (Ref 4) des 6quations loa-
les autour du recollernent donnent de reilleurs r6sultats que d- 6quations autour d~un
volume de contr6le englobant toute la bulle. Pour poser ces 6quations il faut imaginer
autour du point de recollemeit un plan dams la direction a du jet r~sultant (fig. 2).

Pour cbaque jet dans la direction de ce plan

I:pu2dy cos e fY y PU y1u2dy
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Figue 2: PlanLictf por le ~jution de uantt6 d ovinen

2 2

En itere de Pletan at pour les pre tion3 jetani6demuvm

Cos 0 - ) t - Ri(2
i 2 Ri 2

Rl2 R2 2

de quantit6 de mouvement autour d'un volume de r~f~rence g h i j engiobant toute la buile.
(fig. 1)

Dans la direction horizontale

SX3 - 1 Cos$ 1 + J 2 cose 2 + ApD (14)

et dans la direction verticale

-Y3=j1 sinB 1 - J 2 sinB 2  (15)

La tangente de la direction r~suitante est done

tg a= Y
J x3

et i'angie est donn6 par

si$11- (Jj21 'n

a arctg (16)

Cos01 + oa 2 pl b

Les distances y entre les plans de sym6trie et les lignes de s6paration des jets sont
obtenues A partir de la d~finitlon d6JA introduite

t tanhcr
S

qui donne

=1 tanh 1l tb ob
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Avec les 6quatlons (5) et (7) cect devient

b 3 ccp ( -
)  tanh

- 1  t

On a done pour le premier Jet au recollement

-i. [i c (BRi. - 90 ] tarhb1 t,, (17)RI=3 ep I

et pour le deuxime

6 (BR2 -
0

2 ) tanh-i 
t  

(18)

A ceci il faut ajouter quelques relations g~omtriques en rapport avec la figure 3.

XRl
"-XR

R2 y I

YRR

N YR2

Ri

Figure 3: Dimensions rclatives au module de l'6coulement

D YR YR1 YR2

T b + -b c°S8R + - + C SR 2  
(19)

R.1 -YRI R2 YR2

b b sinRl b b sin2 (20)

oti

Y R
Ri 1 (Cos$01 - cos$ l) (21)

9R02 R2
: (cos8l0 2 - cOSBR2 ) (22)

XRI R1RI I (sin$~ sin$01) (23)

. .. ... .. . .. . .. . . .. .. llb R~ll 0 1 . . fl . . . . . . ilttl |l ill. l I . l " l
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b R2 02

les angles $01 et 802 6tant n~gatifs.

On a donc un syst~me de 14 6quations qui sont 3, 10, 11, 12, 13, 16, 17, 18, 19, 20,
21, 22, 23 et 24 pour les 14 inconnues tl, t2 . cpl1,0 P j*, BR2, YRl, YR2, YR1. YR2- XRl,
XR2, R, et R2 .

Ce systLme 6tant non lin~aire et plusieurs des variables ne pouvant varier que dans
des gammes donn6es de valeurs toute m6thode classique de solution n'a que peu de chance
de converger. On arrive assez rapidement & la solution en it~rant suivant le diagramme
donn6 A la figure 4.

DONNES

301' 802' D/b, J 2 /

VALEURS INITIALES

Cp =0 ,y=0 ,Y2 = 0, tR2= 0.5

(16)

(13)
BR2

(3)(10)(20)(23)(24)

B RI

(12)

ti

(17)

Y1

I (3)(10)(19)(21)(22)

C

l (11)

t 2

Figure 4: Marche k suivre pour la solution des 6quations

Les coordonn~es du point de recollement sont par rapport A la tuy~re sup6rieure

XR !XR YRI sinB

b b b R

.. . . . ... ... .h| N l l I n . . .|
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et

YR _ Rl . YR1os
b b b OSR1

La position du point de recollement et la direction a du jet r~sultant 6tant d6ter-
min~es le d6veloppejnent de ce dernier peut 6tre calcul6 en faisant 1'hypoth~se qut il se
comporte comme un jet libre issu d'une origine localls6e par rapport au point de recolle-
ment. Cette origine est d~termin~e en posant que le d6bit volumique Q0 3 et ls quantit6 de
mouvement J3du jet r~sultant a. une distance S0 3 de son origine sont 6gaux aux d6bits et
aux quantites de mouvement des jets 1 et 2 qui continuent en aval du recoliement.

Le d~bit masse qui continue en aval au recollement est

Y~r 'R2

Q0 J. Ul dy , -y J u2dy

qui devient avec les profils de G8rtler

Q03 = 1 i 3 b [.P 7 2  SI 1
A__ _ t(I ) + lJ t ) + p (25)

La quantite de mouvement clans le jet r~sultant est

J2T j2

JX3 et JY3 sont donn~s par les 6quations (14) et (15).

En int~grant le profil des vitesses de Gbrtler selon y une distance S0 3 de J.'origine

on obtient

p3 0

d~aon tire la position de 11origiie du jet r~sultant & une distance S0 3 en amont du
recollement.

A une courte distance en aval du recollement le profil du jet r6sultant devient sym6-
trique et ii reste d6terminer la position du plan de sym6trie dont la direction a est
connue mais qui ne passe pas par le point de recollement. line 6quation des moments de
quantit6 de mouvement autour dtun point c situ6 . la sortie de la tuy~re secondaire va
nous donner la distance d (fig. 1).

On a par rapport au point c

0l DCosa 1 + Ap D J d cosa

d'otL on tire

d ~~cs c1  0 /bl (28)
D T2 Cosa

NESURES EXPERiIMENTALES

Toutes les mosures ont 6t6 effectu~es avec le montage illustr6 a la figure 5. Les
profils, facilement modifiables, ont 6t6 taill6s dans du contraplaqu6 de 18 mis et sont
maintenus entre deux plaques de plastique. Il est ainsi possible de faire varier la
direction initiale des jets, leur largeur et la distance qui las s~pare. Les d~bits sont
ajust~s a Ilaide de vannes dans las conduites d'alimentation. Il a 6t6 v6rifi6 exp~rimeli-
talemant qu'il n'y avait pas d'effet tridimensionnel sur la position de recollement en
autant qua las largeurs des tuy~res n'6taient pas sup~rieures . 6 mm. Toutes les mesures,
ont donc 6t6 effectut-es avec cas largaurs maximum.

Le syst~me de traverse peut 6tre orient6 A volont6 pour 6tre perpendiculaire a la
direction du jet resultant.

Les positions des points de recollement ont 6t6 d~termin~es visuellement A I'aide d'une
lamne mont6e sur le bout d'une fine tige m~tallique. Cette m~thode n's pas permis d'obtenir
des r6sultats satisfaisants pour las d~crochements 0/b plus petit que 7 et pour les rapports
de quantit6 de mouvement J2 1JI inf~rieur A 0,2. La figure 6 pr~sente quelques uns des
points obtanus en comparaison avec les pr6visions th~oriques calcul6es avec o 6gal A 10.
On constate que l'accord ast bon sauf pour les petites valeurs du rapport des quantit6s
da mouvement. Pour ces patitas valeurs, le deuxi~me jet est fortement Incurv6 et l'hypo-
th~sa de jet mince ne tient plus.

Les directions des jets r~sultants ont 6t6 d~termin~es A l'aide d'une sonde direction-
nalle plac~e A l'endroit de vitesse maximum dans las profils de vitesse. Pour chaque cas,
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Figure 5: Montage exp~rimental
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2
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) 0.80. 0.6
1.0
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B[ B02 D/b 0.8

80 -30 7 1.0
0 -30' 11 0
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0., 0.2
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Figure 6: Position du point de recollement 
i
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2 4. 6 8 10 12 14 16 18 XR/b

J2/J1=0.1

2 0. 0.2 0.1

0.8 0 0. 4 @40.2

100.64.

0.

6 1.0

B. B.o D/b ) 020.6

80 0 7 S
80 0 1 1 0 

00.8
0 0 21 4

10 -- -

1.0

Figure 6: Position du point de recoJllement (suite)

lps valeurs obtenues h diff6rentes distances des tuy~res 6taient les m~mes. Ces r~sultats
sont pr6sent6s A la figure 7 et l'accord avec la th6orie est satisfaisant. Lorsque les
deux tuy~res sont parall~les, i'angle a est toujours 6gai a z~ro et ces r~sultats ne sont
pas pr6sent~s.

Les profils, de vitesse dans les jets resultants ont 6t obtenus avec un tube de pitot
mont6 sur le m~canisne de traverse plac6 perpendiculairement & la direction des jets. La
figure 8 pr~sente quelques uns des profils obtenus avec les profils th6oriques correspon-
dants. Ces profils ont 6t6 obtenus suffisamment loin des tuy~res pour 6tre de enus sym6-
triques. L'accord entre la th6orie et Ilexp6rience qui est bon aux distances D/b inf~rieure

11 devient, mauvais aux grandes valeurs de cette distance et du rapport des quantit6s de
niouvement. Ceci est attribuabie aux effets, du frottement sur les parois 4tant donn6 le
faible aliongenient des tuy~res et les grandes distances en aval ot ont 6t6 faites les
mesures.

at (dagrds)

22 Boi B-2 D/b exp.

2D 0 -*15' 7 0

18 0 -17' 13 *
0 -30- 7 @

1-10 -30- 1 1 0

12

10

8

6

4

2

J2/J1

.1 .2 .3 .4 .5 6 .7 8 .9 1.0

Figure 7: Direction du jet r6sultant
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DIO =3 00 .

J21J1 =I

0 ~ .40

.3

-3 -2 -1 0 1 2 3 y/b

D/b=7

J2J =1 0 F

J2 -2, -12 4 0 0 yI
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La distance dfD du point d'Intersection du plan de sym~trie des jets r6sultants avec
le plan des tuybres a 6t6 d~termin6e A l'aide de la position les prof'ile de vites3e. La
figure 9 pr~sente ces r~sultats ainsi que lea courbes th6oriques. On constate que pour
deux jets parallbles l'accord est bon saul' pour D/b &gal A 3. Lorsque les Jets divergent
au d6part, l'accord devient momns bon A mesure que J2 il augnente. Les recollements 6tant
alors plus loin des tuybres, il y a probablement ici encore un ef Vet de frottement Sur
lee parois.

0/b =21

d/D 0/b:11l

D/b= 3

0.8 kzz

040

0.23

0.2- 0.L. . . 2 J

B0dI&2DDb

0.4.

0 0 7

0.2-

1.6

.5

.8

.3 0 -17 13

.2 0 -30 7

0 -30 7 D---
.1

1 .2 . 4 .5 .6 .7 .8 .9 10C J2/,1

Figure 9: Position du jet r6sultant
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CONCLUSION

La th~orie propos6e, malgr6 des hypothbses assez grossi~res, donned avec une assez
bonne precision la position du recollement et le d6veloppement du jet r~sultant du
recollement de deux Jets l'un sur l1autre.
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ABSTRACT

An experimental study of developing jet impinging normally and obliquely on a smooth wall, is pre-
sented. A laser Doppler anemometer incorporating a frequency shift device was used to measure the mean
and fluctuating velocity components in the free jet and wall jet regions.

12 nozzle diameters downstream of a 14.0 mm diameter nozzle, the jet had mean velocity profiles
which were found to have reached similarity with a centre-line turbulence intensity of around 202. At
this location a circular plate was placed and the radial and circumferential development of the wall
jet was analysed for impinging angles from 0 to 20 degrees. The values of the maximum velocity and of
the distance from the wall to the location where the velocity is half the maximum velocity depend on
radial distance and impinging and circumferential angles. The opposite is true for the non-dimensiona-
lized mean velocity profiles which are independent from those parameters. In the fully developed wall
jet, the turbulence intensity was always in excess of 30%, and the location of minimum normal stress
coincided with that of maximum mean velocity.The velocity probability distributions show the large influ-
ence that the outer layer of free turbulent mixing has on the boundary-layer-type region adjacent to
the plate. The rate of growth of radial wall jets is, however, smaller than that of radial free jets.

NOMENCLATURE

b - wall jet: value of R for which U - Um/
2

d - nozzle diameter

h - distance from the nozzle to the wall, measured along jet axis

r - free jet: radial coordinate

rl/ 2 - free jet: value of r for which U - Ucl/
2

R - wall jet: radial coordinate

R o  - Reynolds number at jet exit

Rv  - wall jet: radial distance from the virtual origin

u - fluctuating velocity

U - mean velocity

U0  - mean velocity at nozzle exit

Ucl - free jet: centre line mean velocity

Um  - wall jet: maximum mean velocity

x - free jet: longitudinal coordinate

y - wall jet: coordinate perpendicular to the wall

ym - wall jet: value of y for which U - Um

a - impinging angle: normal impingement, a - 0

S - circumferential coordinate

1. INTRODUCTION

Laser Doppler aneomtry (WDA) has been used to study the flow characteristics of a single round
free jet impinging perpendicularly and obliquely on a large plate. This flow finds direct practical
application in a large number of engineering problems, affecting spraying, cooling, heating, drying and
leaching of solids. Such a flow configuration is also produced by a downwords directed jet from VTOL or
STOL aircraft spreading out over the ground.

The flow exhibits three distinct regions:

a- a "free turbulent jet region" where the flow characteristics are identical to those of. a free jet,

b- an "impingement region" where the jet undergoes considerable deflection, from quasi-perpendicular

to quasi-parallel to the plate, and

c- a "wall jet region" where the jet becomes almost parallel to the wall assuming a flow pattern smii
lar to that of a radial wall jet where the effects of interaction due tothe impingement are no lo n
&or important.



This hybrid structure , consisting of a free jet, deflecting flow and wall boundary layer with a
free upper boundary, is ideal to test the universality of turbulence models together with predicting
numerical methods, provided accurate experimental results exist.

The normal impingement of a jet onaflat surface has been studied by several investigators, see re
ferences 1 to 11. Hrycak, Lee and Caunter ill and Beltaos and Rajaratnam 12!, !31,used pitot tubes to-
study the influence of jet Reynolds number and jet distance from the wall on the mean velocity profiles
of regions a) and b). Bradshaw and Love 14! reported experimental results, mainly concerning static pre
ssure and svin friction in the impingement region. Bradbury 151 shows a dimensional analysis to correla
te velocity and pressure measurements. Clauert 161 was the first to use the eddy viscosity model to stu
dy theoretically the turbulent wall jet. Poreh, Tsuei and Cermak 171 using hot-wire anemometry, have -
shown that the shear stress does not vanish where the velocity gradient is zero, as required by the eddy
viscosity model; the measured turbulence intensities were always in excess of 30%.

Donaldson, Snedeker and Margolis 181 studied the heat transfer near the stagnation point and with
hot films and hot wires, thermocouples and microphones obtained velocity, temperature and pressure dis-
tributions. Ho and Nosseir 191 present extensive pressure measurements to provide experimental evidence
and explain an instability process and feedback mechanism on the pressure fluctuations. Gutmark, Wolfsh
tein and Wygnanski Ill investigated a plain jet impinging on a flat plate.

For the oblique impintement of a round jet on a plane surface the documentation is not extensive.
Donaldson and Snedeker 1121 present measurements of wall pressure and mean velocities obtained with pitot
tubes for impinging angles 0, of 15, 30, 45 and 60 degrees, i.e. large deviations from perpendicularity.
The jet of Foss and Kleis 113! was almost tangencial to the wall, a - 81 degrees.

The present report aims to extend through experimental investigation the physical understanding of
the obliquely impinging jet. LDA was used to measure the mean and fluctuating velocities for two jet
Reynolds numbers, fo,,r impinging angles and five radii. The nozzle to wall distance was enough to guaran-
tee that the impinging distance did not influence the development of the wall jet. The inaccuracies asso
ciated with measurements in highly turbulent flows and due to directional ambiguity of the instantaneous
velocity vector, were removed using a LDA frequency-shift device, see reference 14.

The experimental set up and measuring procedure are described on next section, and on section three
the results are presented and discussed. On section four conclusions are summarized.

2. EXPERIMENTAL SET UP AND MEASURING PROCEDURE

The jet was produced by a suitably designed nozzle of 14.0 mm diameter, d, and air was supplied by
a compressor through a plenum chamber, producing velocities up to 50 m/s. A 50 cm diameter flat and
smooth plate was used to provide an impinging surface. The present results were obtained with a nozzle
to wall distance, h, of 12 d.

For the alignement of the jet with respect to the wall, the nozzle could be rotated around two per
pendicular axis parallel to the plate and translated in two normal directions also parallel to the plate;
the surface could rotate around an axis perpendicular to the jet and move along and perpendicularly to
the same jet. 0.8 mm diameter pressure tappings drilled on the plrte allowed the measurement of the
pressure distribution on the plate surface.

Mean and rms values of velocity were obtained for jet Reynolds numbers of 42500 and 32000 and, with
the jet perpendicular to the plate, i.e. impinging angle a - 00, and also with n equal to 100, 150 and
200. For the oblique impingement, the measurements were done with values of the circumferential coordi-
nate, e, of 0, 45, 90, 135 and 180 degrees. On the wall jet flow configuration, 0 = 0 corresponds to the
radial direction where the values of velocity are larger.

The laser Doppler anemometer used to measure the mean and rms velocities, was of the forward scatte
ring type and comprised a He-Ne 5 'iW Spectra-Physics laser, a 150 m focal length lens to focus the beam
on a variable speed TNO rotating diffraction grating used to split and frequency-shift the laser beams,
and a focussing arrangement of two 100 mm diameter lenses. The light collecting optics included a RCA
photomultiplier, model 4836. In most of the measurements the distance between two consecutive fringes
was 4.62 pm. The measuring control volume could be moved with respect to the fixed flow rig since the
LDA optical bench was mounted on a three-dimensional traversing mechanism.The photomultiplier signal
was band-pass filtered with a Krohn-Hite filter and subsequently analysed by a frequency counter inter
faced to an Apple microcomputer. The signal to noise ratio of Doppler bursts was on average in excess
of 20 db and the 8/16 cycles frequency comparator circuit of the counter was used with the narrowest
validation interval (frequency differences less than 1%) guaranteeing the absence of significant errors
in the frequency measurement within each burst. The mean and rms frequencies were calculated from 4000
samples, implying errors of around 1% and 2% respectively. A slow data acquisition rate of around 10
measurements per second, was imposed by the microcomputer to the counter, which is a fast sampling rate
instrument, in order to diminish the velocity bias reported in references 14 to 18. The calculated va-
lues of the mean, rms, skewness and flatness and the velocity probability distributions were stored on
floppy discs and subsequently plotted with a Hewllet-Packard digital plotter It was estimated, see re-
ferences 14 and 18, that the error associated to the mean and rms values of the profiles shown in the
present work is respectively 2% and 4% of the maximum value measured i" the profile.

Total pressure probes of 0.8 mm O.D. were also used mounted on a traversing carriage so that they
could be moved in three normal directions or rotated.

A smoke generator was used to achieve a visual picture of the flow and cinematography was employed
to assist physical interpretation of the measurements.

3. RESULTS AND DISCUSSION

This section is sub-divided in three: impinging jet, wall jet with normal impingement and wall jet
with oblique impingement. The figures are based on the results obtained with Reynolds number of 42500,
since no significant variations were found with Re - 32000.

3.1. Impinging jet

Figure 1 presents profiles of non-dimensionalized mean velocity measured across the jet at different
longitudinal distances, x, nnd shows that similarity is reached at approximately 8 diameters from the
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nozzle. In factother slidly different values are also refered on the literature, since, as reported on
references I and 19, the turbulence intensity and Reynolds number at the jet exit have influence on the
initial spreading of the jet. The figure also gives the values of centre-line velocity decay, Ul/U .
and radial distance from the central axis to the location where the velocity is half the value of centre
-line velocityrl/2. They may be evaluated by the equations:

U/U 009 - 6.72 d/x and 2r1/ 2 /d - 0.172 x/d

The plate was located 12 diameters downstream the nozzle and at this distance, the turbulence inten
sity at the centre-line of the free jet rounds 20%. Reference 3 shows that for plate to nozzle distanes
larger than 8.3 nozzle diameters, the development of the impinging region and wall jet is independent
of h/d.

3.2. Wall jet with normal impingement

Figure 2 shows non-dimensional mean velocity distributions measured at different radii. For R/d of
9, 12 mnd 15, the profiles are identical indicating that before R/d -9 the flow has reached similarity.
The values of maximum velocity, UM, and of the distance from the plate to the location where the veloci
ty is Ut

2
, b, are also given on the figure; for R larger than 6d, they can be determined using the follow

ing equations:

b/d - 0.096 (R/d) 05 U m/Uo - 1.4 ( d-11

where Rv is the radial distance measured from the virtual wall jet origin. Plotting Um varying with R,
the virtual origin was found equal to -1.5 d. i.e., Rv w R - 1.5 d.

Considering the wall jet as an inner boundary-layer-like region adjacent to the plate with an outer
layer of free turbulent mixing, the mean velocities in the outer region can be calculated by the equation

U 1 - 0.293 b - -- )3/

wer m i 3 m
whee y, is the distance prom the wall to the location of maximum velocity. However, the velocity varia
tion in the inner region is not well predicted by an equation of the type U/U- K (y/y m7, as it could
be expected from a wall boundary layer flow. This is certainly due to the large influence that the outer
flow has on the inner flow. Comparin equations for rl and b, it can be seen that the rate of growth of
the radial free jet is much larger than that of the radial wall jet.

Turbulence intensity distributions at different radial distances are plotted on figure 3 where large
variations can be seen from R/d - 3 to R/d - 6. On the contrarybetween 6 and 9 the variations are small
indicating approach to the self-preserving region. In this region the ms values are almost independent
of y, showing a slowly decrease closer to the outer free boundary. These rms profiles with those of mean
velocityimply aturbulence intensity variation with a minimum corresponding to the location of maximum
mean velocity; the magnitude of the minimum rounds 35%. At R/d of 3 and close to the wall, large fluctua-
tions were detected, probably a reminiscence of those existing around the stagnation point; they are con-
plitely smeared at R/d - 6. The high values of the measured normal stress is an indication of the large
mixing process existing in all regions of the flow.

Velocity probability distributions (v.p.d.) measured in a region of self-preservation, R/d - 9, are
given on figure 4 and show the presence of negative instantaneous velocities from y - 9 mm upwards. Since
this distance from the wall is below the point where the mean velocity decreases to half the maximum velo-
city, (y/b - 0.825 and U/Um - 0.635) it illustrates how deep inside the flow occurs the entrainment of
quiet fluid. It also suggests that problems associated with directional ambiguity and finite velocity fluc
tuations at locations of near zero mean velocity have been precluding precise measurements of velocity;
they were overcome in the present work by the use of a LDA system incorporating a frequency shift device.

The values of skewness and flatness are given on the figure and they indicate that the closest to
Gaussian distribution occurs at the location of maximum mean velocity. Case a) shows a v.p.d. on the boun-
dary layer region close to the wall and the skewness value shows that the accelerating effect due to the
close presence of fast moving flowis larger than that of retardation by frictional resistance due to the
surface. On the outer edgethe v.p.d. have large values of skewness and flatness as should be expected in
entrainment regions where the slower and quiet flows are dragged by the fast moving flow. The turbulence
intensities are large particularly on case c) where almost half of the detected velocities have negative
sign revealing the presence of eddy structures.

3.3. Wall jet with oblique impingement

Figures 5,6 and 7 report mean velocity measurements obtained with impinging angles, a, of 0, 10, 15
and 20 degrees, at radial planes of e equal to 0, 45, 90, 135 and 180 degrees and radial distances, R/d,
of 3, 6, 9, 12 and 15. e - 0 and 180 correspond respectively to the direction of maximum and minimum velo-
cities and y is measured perpendicularly to the plate. Figure 5 presents, for 0 - 0 and 180, the influen-
ce of the impinging angle on the mean velocity profiles. It can be seen that from a = 0 to 20 the profiles
have the same general configuration, with the velocity amplitude varying almost linearly with a. The jet
rate of growth and the distance from the wall to the location of maximum velocity do not seen significan-
tly influenced by m.

For a - 10 degrees and different radii, figure 6 introduces the influence of the circumferential
angle on the velocity profiles. Between - 0 to 45 and - 135 to 180 degrees, the profile variations are
small comparing with those occuring between e - 45 to 90 and 90 to 135 degrees. However the profiles are
similar and it is confirmed that ym is independent of 0. Figure 7 shows that, for n - 150, the non-dimen-
sionalized velocity distributions are independent of R/d and 0; the same is true for a - 10 and 20 degrees.
The profiles are identical to those of figure 2 measured with normal impingement; for the oblique impinge-
mentb proper values of b and U. have to be considered, Those values and their dependence on R/d, 0 and a
are given on figures 8, 9 and 10.

For an impinging angle of 10 degrees and different values of 8, figure 8 indicates the variation of
Umn and b with radial distance. Figure 9 illustrates the effect of the impinging angle and figure 10 gives
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the influence of the circumferential coordinate for different values of a. Figure 8 shows that, as for the

normal impingement case, I/Um changes almost linearly with R. Also the virtial origin does not show signi-

ficant variation from that obtained with a 0 0. Therefore, to evaluate 
t
m from R, it continues to be valid

the use of an equation similar to that obtained for the normal impingement,

Um  Rv -1.12

Uo C(, a) ( d)

where the variation of C with 0 and a may be calculated from figures 8 and 9 respectively. The values of

C(8, a) are given on table 1.

0 45 90 135 180

0 1.4 1.4 1.4 1.4 1.

10 1.6 1.5 1.3 1.1 1.1

15 1.7 1.6 1.3 1.0 .92

20 1.8 1.6 1.1 .89 .76

Table 1. Values of C(6, a)

For non zero values of a, figure 9 demonstrates that the velocity decay verified when 0 1800 is

larger than the increase at e - 0. Also at 0 = 900, Um decreases when a increases indicating a non-symme-

tric growth of the wall jet. Figure 10 confirms the non-linear variation of U, with 0.

Figures 8 and 10 show that b is not significantly dependent on e and figure 9 .lso demonstrates a

relative invariance of b with a. Therefore, for the present range of values a, the equation indicated to

calculate the values of b for the case of normal impingement, is still valid and can continue to be used

for the oblique impingement.

Values of turbulence intensities are shown on figure 11 and in general, the a&.eement with the measu-

rements presented on figure 3 is good. From R/d = 3 to R/d = 6 a large variation is again detected, but

downstream only little differences are noticeable, indicating self-preservation. The variation between

the profiles measured at 6 - 0 and 180 is smaller than that standing from differences in the mean velocity
distributions. The turbulence intensities are high, having a minimum value of around 35% coexisting with

the maximum mean velocity.

The velocity probability distributions of figure 12 were measured at the same radial distance as

those of figure 4, but for an impinging angle of 10 degrees. The distributions corresponling to 8 - 0 and 180
are clearly distinguishable since the velocity ranges are different, however, the m'in pictures, for ins-

tance those concerning entrainment, wall presence, skewness and flatness, are the same and equal to those

reported in connection with figure 4.

4. CONCLUSIONS

The following more important conclusions may be extracted from the present wor:

a- A laser Doppler anemometer was successfully used to study the mean velocity and turbulent fields

of a round free jet impinging normally and obliquely to a wall.

b- At a distance of 12 nozzle diameters downstream the jet exit, and in the absence of the impinging
wall, the mean velocity radial profiles have reached similarity and the centre-line turbulence intensity
was of 20%. This distance guaranteed that the development of the wall jet was not de'endent on nozzle to
wall distance.

c- In the wall jet region, the turbulence intensities were high, influenced by the impinging angle
and with a minimum value approaching 35% located around the point of maximum mean velocity. In this loca-
tion the velocity probability distribution was near Gaussian; away from it, the v.p.d. become progressi-
vely more positively skewed and with larger flatness values. The outer shear layer was demonstrated to

have an important role on the turbulent mixing process.

d- The non-dimensionalized mean velocity profiles measured in the wall jet, are independent of ra-
dial distance, circumferential coordinate and impinging angle. The values of b are also independent of a
and 8 and can be calculated by the equation introduced for the normal impingement case. The values of Um

are dependent on a and 8, as well as on R, and the equation revealed for normal impingement has been mo-
dified to include the case of oblique impingement.
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AN INVESTIGATION OF INCLINED JETS IN A CROSSWIND*
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SUMMARY

During the last few years, a research programme at the University of Southampton
has been investigating the interference characteristics of a turbulent inclined jet
exhausting into a turbulent subsonic crosswind. Results are presented of the variation
in jet paths (based on the maximum total pressure), the lift loss and the pressure
distribution on a flat plate through which the jet exhausts. The angle of inclination
of the jet to the crosswind direction has varied from 900 to 150.

In general, it has been found that the lift loss, the jet deflection, the jet
penetration and the rate of total pressure decay along the jet path decreased as the
jet inclination was reduced from the position normal to the crosswind. The centre of
pressure moved downstream.

A jet exhausting at an angle of 150 to the crosswind has received considerable
attention recently and results are presented of the variation with increasing momentum
ratio of the pressure distribution on the flat plate through which the jet exhausts,
the lift loss, the jet paths and surface oil flow.

To summarise these results, similarity laws have been applied to the lift loss,
jet path and centre of pressure as a function of momentum ratio, geometry and angle of
inclination.

LIST OF SYMBOLS

Aj Equivalent area of the jet exit (Aj = nrj
2)

CF Surface force coefficient, defined by equation (2)

C p Interference pressure coefficient, defined by equation (1)

C pT Total pressure coefficient, defined by equation (6)

Cs  Suction force coefficient, defined by equation (4)
jj2

m Momentum ratio (m = -
0 .V.

p Pressure

q Dynamic pressure

rj Radius of the jet exit

R Non-dimensional radial distance from the origin to any point in the XY-plane

R1  Non-dimensional lower limit of integration representing the jet periphery

R2  Non-dimension3l upper limit of integration

V Velocity

S Non-dimensional distance along the jet centreline from the origin

x Centre of pressure, defined in equation (5)

X,Y,Z Non-dimensional Cartesian co-ordinate system with origin at the geometrical centre
of the nozzle exit plane

a Angle between the radial from the origin to any point in the XY-plane and the
positive X-axis

Non-dimensional distance along the path of maximum total pressure from the origin

Eo Non-dimensional length of the potential core

p Density

* Jet inclination argle given by the angle between the nozzle centreline and the
positive X-axis

Suffixes

A Ambient conditions

E Jet-exit conditions

This work is supported by SERkC Research Contract No.GR/A68271.
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J Jet conditions or quantities

0 Stagnation conditions

Crosswind conditions

(All linear dimensions, where appropriate, have been non-dimensionalised with respect
to the jet radius, rj).

1. INTRODUCTION

During the last few years, a research programme at the University of Southampton
has been investigating the interference characteristics of a turbulent inclined jet
exhausting into a turbulent subsonic crosswind. Initial attention has been focussed on
measuring the experimental variation in jet paths (based on the maximum total pressure),
the lift loss and the surface pressure distribution on a flat plate through which the
jet exhausts. The angle of inclination of the jet to the crosswind direction has varied
from 150 to 900. Of recent interest has been the case of jets exhausting at small angles
to the crosswind. In particular, a jet exhausting at an angle of 150 to the crosswind
has received considerable attention.

To summarize these results, similarity laws have been applied to the lift loss,
jet path and centre of pressure as a function of momentum ratio and jet inclination.
These laws have provided a useful data base in the absence of a reliable theoretical
model.

The above experimental programme has contributed greatly to the broad understanding
of the nature of the interference between the jet and crosswind. To gain a more detailed
insight and to be able to formulate a fundamental numerical model, experimental
information concerning the induced velocity field around the jet is currently being
acquired. This should enable the variation in strength and direction of the vorticity
in the sheet representing the jet to be determined and to allow standard applications
of free wake analysis and panel methods to the problem. This general jet model can
then be coupled to existing fuselage/lifting surface computational methods.

The variation in surface pressure distribution, surface force distribution, suction
force or lift loss, the path of maximum total pressure and total pressure decay along the
centreline of the jet as the jet inclination is reduced from the normal position are
presented. The variation in the same quantities as the momentum ratio is increased for
the case of the jet inclined at a small angle to the crosswind is also presented.
Finally, the application of similarity laws to the variation of the suction force
coefficient or lift loss, centre of pressure and jet path with momentum ratio and jet
inclination is presented. In each case the angle of jet inclination varied in increments
of 150 from 150 to 900 and the momentum ratio varied from 4 to 12 in increments of 2.

2. EXPERIMENTAL ARRANGEMENT

The experimental apparatus consisted of a flat plate through which a circular
jet exhausted into a crosswind. The results presented here are derived from two
series of tests. In the first set of tests the jet inclination angle varied from 900
to 300 to the crosswind in increments of 150. In the second set the jet inclination
angle was 150. The experimental apparatus used in the former has been described
elsewherelwhilst that of the latter is described here. The jet radius was 0.4 in. and
all dimensions, where appropriate, are non-dimensionalised by this value.

The crosswind was provided by a closed return wind tunnel of section 164 jet
radii high by 210 jet radii wide. The crosswind dynamic pressure for the tests,
described here, was 0.572 in water and the crosswind velocity was 15.2 ms- 1 . The jet
was supplied through a nozzle from compressor storage tanks via a plenum chamber. The
change in mass flow was negligible during the tests. The nozzle was designed to give
a uniform total pressure distribution across the exit plane. All profiles thus obtained
were uniform to within + 8% of the centreline total pressure over 90% of the exit
diameter (measured in planes normal to the jet centreline).

The flat plate was of dimension 97.5 jet radii spanwise by 75 jet radii chordwise
and was mounted in the floor of the working section with its surface 20 jet radii above
the floor. The jet exit was positioned on the plate centrelinq, 37.5 jet radii behind
the sharp leading edge. The plate and nozzle block was instrumented with 230 static
pressure tappings each of 1/16 in internal diameter. Tests wL-e conducted to ensure
that the flow over the plate was uniform within the area of interest. The boundary
layer velocity profile on the plate was measured 42.5 jet radii from thg leading edge
and was found to follow the 1/7th power law with a momentum thickness, 02 /rj = 0.14.
No impingement of the jet onto the tunnel roof occurred.

The jet nozzle block fitted into a circular recess in the flat plate. No leakage
was detected through the discontinuity in the plate surface. Care was taken to ensure
that the jet pipe centreline was not yawed with respect to the crosswind and that the
plate and nozzle block surfaces were flush.

Surface oil flow visualisation was conducted by covering the plate and nozzle
block with a sheet of matt black contact paper and applying a mixture of 'dayglo

. . . . . .. . . . . .. . . . ... . ...II . . . i ... .. .... . 1 8 ... . . . .. . ... .. .. ... .. . ... • . . ... ... . " ... ... ...
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pigment' and diesel oil. Conditions were set and maintained until the pattern became
established.

Figure 1 shows the definitions used for axes and flow regions.

3. DEFINITION OF DERIVED RESULTS

The surface pressure distribution data was presented in the form of isobar plots.
The interference pressure coefficient, Cp, was defined as

Cp Pjet on - Pjet off
q_(

The surface force coefficient along a radial was denoted by CF, where

CF = Cp RdR (G)lO

The lower limit of integration, RI, represented the jet exit periphery and varied with
jet inclination angle. The term'surface force distribution! was used to refer to the
variation of CF with increasing angular displacement, e.

The suction force coefficient, denoted by Cs, was defined as

Cs = Suction Force (3)h 2 A j

where Aj is the equivalent area of the jet exit. This can be rewritten in terms of the
surface force coefficient as

Cs  = r - F  d |

0

The centre of pressure was denoted by R, where

f, R 2 C XRdRde

R (5)R2
R1 CRdRde

0 R1  P

where X = Rcose and the upper limit of integration,R2 , was chosen to include as large an
area of the plate surface as possible in order to obtain a more accurate variation of
the centre of pressure with inclination, particularly at high velocity ratios and small
inclinations. A positive value of x can be thought of as representing nose-down
pitching and a negative value as nose-up pitching with the sign convention of Figure 1.

CF, Cs and x were derived from the surface pressure data by numerical integration.

The jet trajectories were determined by locating the position of maximum total
pressure in successive Y-Z planes behind the jet exit. The jet centreline decay curves
were presented as the variation of a total pressure coefficient, CpT, with S, where

Po -PACpT = o (6)
- POE -PA

where po is the total pressure at the point on the jet centreline being determined.

4. DISCUSSION OF RESULTS

Effect of Jet Inclination Angle

The effect of varying the jet inclination angle on the surface pressure isobars
and on the centreline pressure distributions is shown in Figures 2 to 7, 8 and 9.

The extent of the low-pressure field was reduced in the lateral and forward regions
of the flow field as the jet inclination decreased except in the case of the 150
inclination jet which had a similar extent in the lateral region to the 300 inclination
jet. The jet exit dimension in the X-direction increased as the inclination decreased
and this will have affected the local position of any isobars very close to the jet exit.
The variation of the interference pressure coefficient with distance along the plate
centreline upstream of the jet showed that the flow appeared to decelerate less
immediatel upstream of the jet as the inclination decreased for inclinations 900 600.
For * < 609 no deceleration was shown by the distribution. A small positive region
(maximum C < 0.1) was evident in the distribution for the 150 inclination jet (Figure 27)
but this ws followed by a pressure loss as the jet was approached further. The elements
of fluid immediately above the plate surface and approaching the jet were given a vertical
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component of velocity by the entrainment effect of the jet. This induced vertical
component became less with decreasing inclination, causing a reduction in the
deceleration of the crosswind as it approached the jet. The horizontal component of
velocity of these elements was increased as the jet inclination decreased.

The low-pressure field became more extensive within the wake region as the jet
inclination decreased. Characteristic of the surface pressure isobars at small jet
inclination angles was a 'swept back lobe' appearance (Figures 6 and 7) which was
created by the more extensive low-pressure field in the wake and the less extensive
low-pressure field in the lateral region. Two distinct changes in the pressure recovery
within the wake region downstream of the jet exit occurred as the jet inclination
decreased (Figure 9). For the 900 and 75° inclination jets, the rate of pressure
recovery steadily decreased, being very rapid close to the jet exit. For inclination
angles between 600 and 300, the initial rate of pressure recovery was very rapid but
was followed by a pressure loss in the region 3 < x < 6 and a further pressure recovery
at a much lower rate for x > 6. In the 150 inclination case, a pressure loss occurred
in the region 4 < x < 7 from a large positive value of the interference pressure
coefficient (too large to be plotted on Figure 9) followed by a pressure recovery in the
region 7 < x < 8.5. A slight pressure loss then occurred in the region 8.5 < x < 10
followed by a further pressure recovery for x > 10. These observations regarding the
pressure recovery could be the result of a stronger interaction between the induced
vorticity behind the jet and the plate boundary layer, the jet becoming closer to the
plate as the jet inclination angle decreased. An increasing rate of entrainment of the
boundary layer in the wake region close to the jet would be expected as the jet
inclination decreases.

Figure 10 shows the distribution of the surface force with angular displacement,
8, for varying jet inclination angle. A minimum point occurred in all the distributions.
The minimum surface force decreased in magnitude (i.e. became less negative) as the jet
inclination decreased from 900 to 300. The 150 inclination jet, however, showed a
minimum peak of approximately twice the magnitude of the 900 inclination jet but this
peak was 'sharp', occurring over a much narrower range of angular displacement. The
value of the angular displacement at which the minimum surface force occurred, decreased
as the jet inclination angle decreased.

The suction force coefficient decreased as the jet inclination decreased from 900
to 300 (Figure 11) showing that the lift loss was lessened. Reducing the inclination
from 300 to 150 resulted in an increase of the suction force coefficient to values
slightly less than those for the 450 inclination jet, although the major contribution
to this coefficient came from different areas of the plate surface as evidenced by the
surface force distribution (Figure 10). The low-pressure field extended beyond the
upper limit of integration for high velocity ratios (particularly at large and small
inclination angles) resulting in the lift loss being underestimated. It would be
expected that the lift loss would show an asymptotic value as 0 approaches zero because
the vorticity-induced entrainment would decrease with decreasing inclination becoming
zero at * = 00, where the only type of entrainment would be of the free jet type.
However, for the 150 inclination the lift loss was actually increased compared to the
300 inclination. This enhancement is thought to be caused by the image effect of the
plate indicating that the flow field will not tend towards the coflowing case as the
inclination is reduced further.

Generally, the centre of pressure moved downstream as the inclination angle
decreased (Figure 12). For the 150 inclination, the centre of pressure moved downstream
for m ; 8, following the trend for larger inclination angles but for a momentum ratio of
4, the movement was upstream (Figure 31). This general downstream movement as the
inclination angle decreased was to be expected as the extent of the low-pressure field
in the wake region increased.

The penetration of the jet into the crosswind and the rate of deflection of the
jet decreased as the inclination decreased (Figure 13). The initial portion of the
trajectories was almost linear. This linear portion became more extensive as the
inclination decreased and the 150 inclination jet showed no deflection over the X
distance for which measurements were recorded (0 < X < 24).

The total pressure decay rate for varied inclination angle is shown in Figure 14.
The potential core is indicated by the portion of the curves for which C = 1. The
scatter in the data in this area arose from the difficulty of locating te position of
maximum total pressure. The length of the potential core increased with decreasing
inclination angle except for the 150 inclination which was of similar length to the 450
inclination. The total pressure decay rates for inclinations 450 4 ( 900 were very
similar. For inclination angles of 150 and 300, the rates were again very similar but
of a lower rate than for * ? 450 and appeared to be broadly similar to the free jet.

Effect of Momentum Ratio at Small Inclination Angle (0 - 150)

The effect of increasing the momentum ratio on the surface pressure isobars and
on the centreline pressure distributions is shown in Figures 15 to 20, 27 and 28. The
isobar plots show the characteristic lobe shape of the small inclination angles. In
general, increasing the momentum ratio caused an outwards spreading of the entire low-
pressure field.
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Considering the forward and lateral regions, the low-pressure field spread to the
front and sides of the jet as the momentum ratio increased. The angle between an isobar
crossing the plate centreline and the centreline increased generally as the momentum
ratio increased. The variation of the interference pressure coefficient with distance
along the plate centreline upstream of the jet changed with varied momentum ratio. At
a momentum ratio of 2, the pressure increased as the jet was approached and then
decreased rapidly. The interference pressure coefficient was positive for all values
of X at this momentum ratio. At a momentum ratio of 4, the pressure remained fairly
constant and then increased to a small positive peak before decreasing rapidly as the
jet was approached. For momentum ratios, m ) 6, a pressure loss was observed before
the small positive peak, the pressure then decreasing rapidly to negative values. In
all cases, the positive peak occurred at X = -7.5 but the interference pressure
coefficient did not exceed 0.1. The value of this maximum was not indicative of a
stagnation area. A stagnation point would be expected to be very local and difficult
to detect. The fluid approaching the jet near to the plate surface was given a vertical
component of velocity by the entrainment effect of the jet.

The entire low-pressure field in the wake region moved downstream and slightly
outwards as the momentum ratio was increased. The position of the crossing point on
the plate centreline of the -0.05, -0.1 and -0.2 isobars moved downstream as the
momentum ratio increased. Figures 21 to 26 show the area around the jet exit in more
detail and are the results of tests with more closely spaced pressure tappings in this
area. An area of positive interference pressure coefficients was evident on the region
4 < x < 7 for momentum ratios 4 to 12, the thicker isobar on the plots representing the
change from negative to positive interference pressure coefficients. The magnitude of
these positive interference pressure coefficients was very high (increasing with
increasing momentum ratio) and is thought to be caused by impingement of part of the
jet onto the plate in this region which then lifted away from the plate with increasing
downstream distance. This was possibly the result of a Coanda type effect followed by
a buoyancy effect. Near the rear of the jet exit adjacent to this positive area was a
region of relatively high magnitude negative interference pressure coefficients,
increasing in magnitude as the momentum ratio increased (Figures 23 to 26). This
negative area indicates strong entrainment of the boundary layer in this region.
Along the plate centreline the interference pressure coefficient decreased from the
positive maximum to a negative value at X = 7 for momentum ratios, m > 4. A gradual
pressure recovery then occurred. For m = 2, there was no positive value but a gradual
pressure recovery with increasing downstream distance.

The major effect of increasing the momentum ratio was an outwards spreading
of the entire low-pressure field. This was caused by the increasing of the entrainment
rate as the momentum ratio was increased.

The effect of increasing the momentum ratio on the distribution of the surface
force with angular displacement, 0, is shown in Figure 29. The surface force
coefficient became increasingly more negative as the momentum ratio increased as would
be expected from the surface pressure distribution. A significant feature of the
surface force distribution was the minimum 'peak' which occurred in the region e = 100
for all momentum ratios. The magnitude of this minimum surface force increased as the
momentum ratio increased and the peak was very pronounced at high momentum ratios.

The suction force coefficient increased as the momentum ratio increased
(Figure 30). The rate of change of the suction force coefficient with momentum ratio
increased slightly probably due to the increasingly large magnitude of the minimum peak
which was indicated in the surface force distribution (Figure 29).

The centre of pressure was positive for the range of momentum ratios considered
(Figure 31) and decreased (i.e. moved upstream) with increasing momentum ratio for
m 4 8 and then increased slightly for m > 8. This movement of the centre of pressure
corresponds to the changing wake contribution to the surface force.

The photographs of the oil flow pattern on the plate surface for two momentum
ratios are shown in Figures 32 and 33. The crosswind was directed from the top to the
bottom of the photographs. The presence of a region of separated flow or wake extending
downstream from the jet exit was revealed. The width of this wake increased as the
momentum ratio increased. Streamlines over a large area of the plate were bent towards
the jet and wake, some streamlines terminating at the jet exit periphery and at the wake
edge. This showed entrainment of the crosswind into the jet and wake taking place around
the whole jet periphery and the edge of the wake. The angle of the streamlines to the
plate centreline was greatest approximately one jet radii behind the downstream edge of
the jet and of magnitude approximately 600, this angle decreasing rapidly with increasing
distance downstream.

The jet trajectories for momentum ratios 4 to 12 (Figure 34) showed that no
deflection of the jet away from the exit angle by the crosswind occurred for
approximately 24 jet radii downstream of the jet exit. The scatter in the data as X
increased was due to the difficulty in determining Z as the total pressure excess became
small.

The total pressure decay rate for varied momentum ratio is shown in Figure 35.
The potential core length showed no variation with momentum ratio and was approximately
6 jet radii. The decay rates for momentum ratios, 6 4 m 4 12 were indistinguishable.
However, for a momentum ratio of 4, a greater decay rate occurred.
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5. SIMILARITY LAWS

The application of similarity laws to the measurements of the suction force
coefficient, the centre of pressure and the jet trajectories for jet inclination angles
900 0 ) 300 have been described elsewhere3 . In the correlations presented here, the
data of the 150 inclination jet has been added where appropriate.

The functional form of the equation for the suction force coefficient was found
to be (from reference 3)

s2 function of 17)

The suction force coefficients for all inclination angles and momentum ratios are shown
in the logarithmic plot of Figure 36. The values of K and n, which were determined by
a least-squares analysis are listed in the Figure for each inclination angle. K and n
are clearly dependent on inclination and K is dependent on the nozzle. The value of K
was arbitrarily assigned for the 900 inclination jet. The large scatter in the data in
the region of Cs/(msinf)2 = 0.5 can be attributed to an effect of the evaluation of Cs
at low values of m. Here the magnitude of the pressure readings far from the jet was
very small and the relative error in measuring these pressures was more dominant. This
large relative error was weighted by a large value of R.

Ignoring the above mentioned data, the overall correlation shows a scatter of
about +10% on the mean line which is very encouraging considering the wide spectrum of
data representing varying jet conditions.

The functional form of the equation for the centre of pressure was found to be
(frqm reference 3)

R 
2
2= a+ c (8)

K(msino) 
n

The centres of pressure for all inclinations and momentum ratios are shown in Figure 37.
The values of a and c, determined by a least-squares analysis are listed in the Figure.
The values of K and n are those determined from the Cs correlation. The scatter of
data, with the exception of 2 points, is contained within the mean error band (±0.23
on the value of R) applied to the data. The change in direction of movement of x with
increasing momentum ratio in the case of the 150 inclination jet resulted in difficulties
in determining a and c and the inclusion of this data was not altogether satisfactory.

With the above reservations, the overall correlation is again very encouraging.

The functional form of the equation for the jet trajectories was found to be
(from reference 3)

b
X - Z cot - function of (9)

K(msin )
n  K(imsino)nJ

where & is the non-dimensional distance along the path of maximum total pressure from
the origin and &o is the non-dimensional length of the potential core. The jet
trajectories for 900 ) ) 450 for all momentum ratios are shown in Figure 38. The
values of b, determined by a least-squares analysis are listed in the Figure. The
values of K and n are those determined from the Cs correlation. No data for the 300
inclination jet or the 150 inclination jet is presented. In the former case, the
geometry of the experimental model made it possible to obtain only 1 or 2 data points
and in the latter the term X-Z cot 0 was zero because of the lack of deflection of the
jet. The large scatter of data in the lower left hand region can be attributed to the
uncertainty in measuring the potential core length (+0.5). The correlated data in this
region represents data points that were very close to the potential core and are
extremely sensitive to the value of co. It was suggested in reference 3 that a Reynolds
number, possibly based on the velocity difference between the crosswind and the component
from the jet in the crosswind direction (and hence incorporating a dependence on 0) may
provide a second correlating parameter, in the jet trajectory correlation, Vhich becomes
important when the jet is close to the plate.

6. CONCLUSIONS

a) Decrease in the Inclination of the Jet

The general effect of decreasing the inclination of the jet on the surface pressure
surrounding a jet exhausting into a crosswind has been determined as

(1) The low-pressure field becomes less extensive to the front and sides of the jet.

(2) The surface force increased (became less negative) in these regions.

(3) The lower pressure field became more extensive to the rear of the jet and the surface
force decreased in this region.
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(4) The suction force coefficient was reduced and the centre of pressure moved downstrjrn.

(5) The jet penetrated the crosswind less and the jet deflection decreased.

(6) The rate of total pressure decay along the jet centre line was reduced.

(7) For the case of the jet inclined at 150 to the crosswind, the surface force c><ihtted
a smaller minimum value behind the jet, a reversal in trend to that observed 1, 13 .
Consequently, the suction force coefficient increased as the inclination decr i r.i
below 300.

b) Increase in the Momentum Ratio for the Small Angle Jet (150)

The general effect of increasing the momentum ratio on the surface pressure
surrounding a jet exhausting at an inclination of 150 to the crosswind has been
determined as

(1) The low-pressure field spread to the lateral and forward regions of the flowfieid.

(2) The surface force became more negative in these regions.

(3) The low pressure field became more extensive to the rear of the jet. The surface
force exhibited a minimum value in this region, the magnitude increasing with
increasing momentum ratio, but the position remaining unchanged. A small area of
large positive pressure was apparent immediately downstream of the jet at high
momentum ratios probably due to the jet striking the surface in this area.

(4) The suction force coefficient increased and the centre of pressure moved downstream
and showed an asymptotic tendency for momentum ratios greater than 8.

(5) The jet suffered little if any deflection and the decay of total pressure along the
jet path showed little change for momentum ratios above 6.

c) Application of Similarity Laws

(1) The suction force coefficient correlates well with momentum ratios, and jet inclination.

(2) The centre of pressure correlates well with momentum ratio and jet inclination.

(3) The correlation of the path of maximum total pressure with momentum ratio and jet
inclination exhibits considerable scatter.

The application of the similarity laws presented is not entirely conclusive. In
the absence of a complete fundamental theoretical model, these laws can predict more
compactly the lift loss, centre of pressure and jet path, i.e. the overall gross effects
of the jet/crosswind interaction as well as most of the current analytical models which
involve complicated semi-empirical relations between various jet properties and which
are difficult to justify fundamentally.
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SUMMARY

The effects of both a flat and a curved wall on the one, two, and three point statistical properties
of a coflowing turbulent jet are documented. Mean velocities, turbulent intensities, auto and cross velo-
city correlation functions, auto and cross velocity spectra, and iso-correlation contours are determined by
use of a laser Dappler veloimeter with phase locked loop processor. Pressure field coherence and phase
angle function as well as pressure-velocity correlations are made using a condensor type microphone/recorder.
The effects of varying ratios of the nozzle exit plane mean velocity to the outer tunnel flow speed is
noted. The confining surfaces serve to radically change the flow pattern of the expanding turbulent jet.
The curved wall has the effect of rapidly increasing the turbulence in the potential core region and dis-
rupting the jet's large scale turbulent structure. The pressure-velocity correlation functions indicate a
strong coupling among the turbulent velocity, species concentration fluctuations, and pressure fluctuations
in the jet near field.

INTRODUCTION

Turbulent shear flows can be divided into free shear flows bounded by no walls, flows bounded by one
fixed boundary, and flows bounded by two or more fixed boundaries. The present investigation will focus on
the class of problems with one fixed boundary, that is, a wall-jet. The motivation for studying the wall
jet flow field is derived from its close resemblance to the upper surface blowing (USB) technique which is
a possible approach in attempting to increase the short takeoff and landing capability of aircraft (1).

As in an unconfined jet, there exists in a wall jet (Figure 1) two main zones of flow: 1) an initial
zone of flow establishment which consists of the growth of the boundary layer on the wall, the potential
core, and the mixing -egion where the flow mechanism is similar to the free shear flow problem and 2) a
zone of established I-jw which consists of a region of free mixing analogous to a free jet and the inner
layer which is a class of boundary layer under a turbulent decelerating auperstreams (2).

The specific flow field investigated is an axisymmetric nozzle exhausting over a solid boundary with
an external uniform flow present.

Consider the classical "black box" approach to studying the wall jet, a methodology first suggested by
Clauser (3) for studying turbulent boundary layers. The basic tenets of the approach are that by changing
initial conditions and/or boundary conditions of the turbulent flow field, a greater insight into the
transport characteristics and processes can be achieved. In this experiment, one initial and one boundary
condition are varied. Here, initial condition refers to the ratio of the wall jet exit plane velocity to
the outer flow speed boundary condition is changed by varying the curvature of the wall. In fact, two
different wall surfaces are chosen with one being flat and other flat initially with a large curvature
beginning at four jet diameters downstream.

The importance of varying the ratio of the jet exit plane velocity to the outer tunnel flow speed may
be viewed by examining the same effect in ejector type flows. Razinsky and Brighton (4) investigated
confined jet mixing in constant area pipes for a range of system parameters. The velocity ratio was found
to strongly influence the axial pressure diatubation and the development of the centerline mean velocity.

The effects of wall curvature are dealt with in two quite separate cases: 1) transverse curvature,
and 2) longitudinal curvature (5). Only longitudinal curvature will be considered in this investigation.
Longitudinal curvature effects on turbulent boundary layers were first investigated by Prandtl (6). The
main conclusion wa that the flow of a turbulent boundary layer along a convex surface is more stable than
along a concave surface. Bradahaw (7) made quantitative use of the analogy between streamline curvature
end buoyancy in turbulent shear flow. So and Mellor (8) found that on a convex wall, the Reynolds shear
stress and turbulent kinetic energy access the boundary layer are reduced as compared to a plane wall
whereas increased for flow along a concave wall.

The strategy of the investigation is as follows: 1) document the statistical properties of the turbu-
lent jet flow in the coflowing stream; 2) examine the effects on the flow field of a solid boundary;
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3) vary the longitudinal curvature of the boundary; 4) vary the ratio of the jet exit plane mean velocity
to the tunnel speed.

EXPERIMENTAL EQUIPMENT AND TECHNIQUES

A two-color laser Doppler velocimeter in conjunction with a phase locked-loop processor is used to
make the velocity measurements (9). The two strongest frequencies of an argon ion laser in the "all lines"
mode of operation are selected for use. The two-color LDV system allows the velocity at two different
points in the flow fields to be determined with displacement between the probes possible in all three
directions. A simple laboratory schematic is shown in Figure 2.

To determine the static and wall surface pressure, the system developed by Schroeder (10) and Herling
(11) is used. The essential items include a 1/2 inch condenser-type microphone and a tape recorder. When
cross-correlations are made between the fluctuating pressure and velocity fields, both signals are filtered
(10Hz - 100Oz) before being processed In order to achieve a good signal-to-noise ratio.

A computer program is used that enables the spectra of both the pressure and velocity to be obtained
as well as the coherence between the two signals. Coherence is essentially the value of the cross-correla-
tion coefficient as a function of frequency, If Gi and G2 denote the Fourier T ansform of the auto-
correlation function of pressure and velocity respetLively, then the coherence, 612, is defined as follows:

2

2 G12
612 G11G22

where G 12 represents the Fourier Transform of the cross-correlation function between the pressure and
velocity fluctuations.

A laser light scattering technique developed by Shaughuessy (12) is used to measure the concentration
field. The passive admixture data is presented in Reference 9.

EXPERIMENTAL RESULTS

Mean Velocity Profiles

A comparison of the mean velocity profile for the flow over the plate and the flow over the flap to
the theoretically predicted classical wall jet profile is presented in Figure 3. The velocity profiles in
the center plane ( y /2r = 0) are tested for the fully developed classical wall jet type similarity by
plotting (U - UFS)/(U max- U) versus z/z . Clearly for the data presented here, the "top hat" profile of
the flow leaving the nozzle s still apparent. For any particular profile, Umax and the length scale, z ,
are obtained from the smooth curve drawn through the experimental points. The length scale, z;, is the
vertical distance from the wall surface to the point where (U - UFS) - 0.5 (Umax - UFS) and dU/dy is nega-
tive.

The data presented in Figure 3 corresponds to three different downstream locations (x/2r - 3.76, 4.0,
and 4.24). Focussing initially on the mean velocity profile for the flow over the plate, it Ys clear that
these plots are quite different in shape from the classical wall jet model. The is not surprising for it
has been theorized that the wall jet actually is slower than the free jet in achieving similarity.
Rajaratnam et al. (13) suggested that similarity will not be achieved until approximately ten to fifteen
diameters downstream.

Turning next to a discussion of the flow over the flap at x/2r = 3.76, the mean velocity profile is
comparable to the profile for the plate. However at x/2r = 4.0, tRe mean velocities plotted are close to
the theoretical classical wall jet curve. After the flow has passed the actual curved portion of the flap
(x/2r - 4.24), the closeness to theory is no longer present. In contrast to the flow over the plate,
however, the mean velocity profile does lose its "top hat" or flat characteristic much more rapidly. Once
again evidence is seen of the earlier breakup of the potential core region of the turbulent jet as it flows
over the flap.

To check similarity of the mean velocity profiles in the horizontal planes at any height, z/2r , from
the wall, (U-U )/(U -U ) is plotted versus y/y in Figure 4. The quantity y 1 . is the lengthoscale

(U - UFS) - 0.5 (Umax - UFS).

The mean velocity profiles in the horizontal planes for the unconfined coflowing jet, the flow over
the flap and the flow over the plate at a given z location are compared to the curve predicted by Goertler
(14) for a free circular jet. The profiles for all three configurations are closer to the theoretical
curve in the horizontal plane than is the case for classical wall jet comparison discussed previously. The
mean velocity profile for the flap configuration is the closest to the similarity curve while the unconfined
jet has the largest discrepancies for the vertical heights z/2r = 0.5 and z/2r - 0.375. However, closer
to the surface it is the flow over the flap which deviates the most from Goertlgr's curve.

From this discussion, it is apparent that the flow over the plate tends toward the fully developed
turbulent shape in horizontal planes faster than in the vertical plane. Also, the flap seems most effec-
tive in transforming the flat velocity profile characteristic of a circular nozzle. With respect to the
unconfined coflowing jet the mean velocity profiles are closer to the fully developed turbulent shape in
the horizontal planes at z/2rO . 0.125 and 0.25 than is the case at z/2rO - 0.375 and 0.50.

In Fig. 5 mean velocity profiles for the longitudinal component are presented for two downstream
locations (s/2r - 2, 4) and at one vertical position (z/2r = 0.5) for all three flowfields. The ratio of
the local excesS velocity, U-U , to the excess core velocity, U -U , is plotted vs lateral displacement
(non-dimensionalized by twice He radius of the jet) from the ceRteffine of the jet/flap assembly).
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Initially, consider the comparison of the width of the three flow configurations. The freely expanding
jet and the flow over the plate are quite comparable in width both at two and four diameters downstream.
However, the flow over the flap has a large increase in width compared to the previous configurations at
both downstream locations. Second, notice the effect of the confining walls on the decay of the centerline
velocity. At x/2r - 4, for example, the excess centerline velocity has decayed to approximately 0.95
(U -U ) for the c

8
flowing jet. 0.90 (U -UF ) for the plate configurations, and 0.55 (U -U ) for the flow

ovr (e flap. Thus, as the turbulent 3et lows over the flap. the velocity field is sgnf icantly widened
and decelerates much more rapidly.

Mean velocity parallel to the surface of the flap U* vs perpendicular height above the surface of the
flap is presented in Fig. 6. An interesting observation that can be made concerning this series of
profiles is that u*/U has a greater maximum value at x/2r - 4 than at x/2r - 2. This seems to indicate
a net transfer of mow-ntum from the core of the jet down t

8
ward the surface 8f the flap.

Mean velocities V were also measured in the lateral (y) direction for the unconfined jet, the flow
over the plate, and the flap configuration at the same downstream location (x/2r - 4 and z/2r - 0.5).
This comparison is presented in Fig. 7. It is interesting to observe that, for ?he flow over he flap. the
maximum value of the ratio V/(U 0 - UFS) has approximately doubled the maximum value found for the unconfined
case.

For the flap configuration, a profile of the mean velocity W in the vertical direction z for the
downstream location x/2r - 4 and z/2r - 0.185 also is presented in Fig. 7. Comparing this W profile with
the one at z/2r - 0.5 yTelds the observation that the jet seems to be rotating or rolling up as it spreads
out over the suiface of the flap. Whereas at z/2r - 0.5, the maximum value of W/(U -Us) is obtained at
the centerline of the profile, for z/2r - 0.185, his velocity ratio remains small and constant in the
central region of the velocity field (ie. y /2r° =0 ) and reaches a maximum at approximately y /2r 0
0.90.

In Fig. 8 three vertical and three longitudinal mean velocity profiles are presented for various 4

downstream locations (x/2r - 5.5, 6.0, and 6.6) at the vjrtical position, z/2r - -0.57 for the jet/flap
configuration. These profiles indicate, in a quantitativp as well as qualitative manner, the effectiveness
of the flap in turning the flow. Figure 9 reinforces thfs by presenting a vectorial diagram of the resultant
mean velocities at the centerline ( y /2r - 0) as the 5low proceeds downstream.

The effects of the velocity ratio, X , on the widlh and decay of the centerline velocity for the three
respective mean flow fields are presented in Figures fO and 11. In Figures 10 (a) and (b) for X - 5.1 and
10.88, the nondimensionalized mixing width, y_/2r is plotted versus x/Zr for z/2r - 0.5. The quantity,
y , is defined as the lateral distance from t e c nVerline to the locatioS where th mean velocity is the
aTithmetic average of its value on axis and in the/secondary stream. The results are compared to a theo-
retical curve developed by Squire and Trouncer (I).

First, consider the findings for X4 = 5.1. While the agreement between the theoretical curve and
experimental results for the coflowing let is guite good, one effect of the confining surfaces can be seen.
For the flow over the flap; the value of y /2f increases much more rapidly than is the case for the other
two configurations. With the plate in plafe, However, the value of y /2r is somewhat smaller than that
for the coflowing jet for the first several diameters downstream but Ivendually is comparable in magnitude.
For x - 10.88, the results are less cleaX. However, the rate of increase of y /2r is considerably less
for te flap than is the case for X - ".1. It Is difficult to draw any strong conclusions, however, since
the data is somewhat sketchy. Here4 afso the mixing widths of the unconfined jet and flow over the plate
are comparable in magnitude.

In Figures 11 (a) and (b), the decay of the centerline mean velocity at z/2r - 0.5 for varying down-
stream locations is presented, In these Figures, U is the center line velocity ind U is the secondary
(wind tunnel) velocity. The meaning of the data fo? the two jet/confining surface conriguration should be
discussed. As the flow exits the circular nozzle, the plate and flap tend to transform the "flat top" mean
velocity profile, characteristic of an ideal jet, into profiles resembling a wall jet. Thus, the velocity
at the nozzle center line would be expected to decrease at a different rate for the jet/plate and jet/flap
cases as compared to the unconfined case. For the z/2r shown in this figure, the decrease in the mean
velocity in x direction is exagerated by the fact that ?he flow has both changed direction and been "drawn
down" toward the flap.

For X - 5.1. the effectiveness of the flap in decelerating the flow in the x direction is apparent in
Figure 11 Ia). The more rapid decay of the flow over the plate as compared to the unconfined jet is also
noted. When X - 10.88, the decay of the unconfined jet behaves quite similarly to the case for the smaller
value of X . +he plate is slightly less effective in decelerating the flow while the effectiveness of the
flap is reAuced significantly.

The two observations that have been made concerning the relative rates of decay of the centerline mean
velocity and the increase in the mixing widths for the flows over the flap with . - 5.1 and X. - 10.88 are
consistent and merit some discussion. The indication seems to be that as the val~e of X. getalarg

e
r and

approaches the value corresponding to a free jet (X,4 ), the flap becomes less effectie in both widening
and decelerating the flow.

Turbulent Intensities

Measuring turbulent fluctuations with an LDV setup is predicated on the fact that the marking particles
can respond to the instantaneous flowfield. For this experiment, particle lag at or near the exit plane of
the nozzle is negligible. Also, the rms oj the particle response differs from the fluid fluctuations rms
by less than 2% up to approximately 2 x 10 Hz (16)5 In effect, the particle behavior is similar to that
of a lob-pass filter, with the 3-dB point at 4 x 10 Hz.
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The axial and lateral distributions of the turbulence intensities, (u
2
)/(Uo-U ), are plotted vs

lateral displacement from the centerline at the vertical location, z/2r - 0.5, in"Pig. 12.0

For the case of the unconfined coflowing jet, the turbulent intensity increases from about 2.5% to 5%
at the centerline for the two downstream locations shown. In clear contralt to this case are the two
confined flow configurations. Notice that for the flow over the plate, (u ) /(U -U ) is gEeater than
either the unconfined or flap cases at x/2r - 2. At x/2r , , however, the flew 9ver the flap clearly
maintains the highest turbulent velocity level. In fact, ?u ) /(Uo-UFS) for the flow over the flap is more
than five times the value it possessed at x/2r - 2.

0

Another important observation concerns the relative turbulent intensity value of the three flow con-
figurations in the region 0.5 & y /2r e I. Whereas the flap seems to be amplifying the turbulence field
in this region as well, the intensities of the plate flow are consistently lower than either of the other
two cases. The presence of the confining straight wall seems to be diminishing the momentum transferring
process occurring in the outer regions of the flow.

-2
Turbulent intensities in the lateral direction, (v ) /(U -Us), are shown in Figs. 13 and 14. In Fig.

13, a comparison of the intensities for the different flow co~fi~urations at the same downstream location

(x/2r - 4 and z/2r - 0.5) is presented. Notice that the turbulent intensity in the lateral direction is
much Eighej 4n the Shearing layer of the unconfined jet than in either of the other two configurations. In
Fig. 14 (v ) /(Uo-U) is presented for the flow over the flap. It indicates the change in the turbulence
level as the flow rFiches the curved portion of the flap structure.

In Figure 15, the turbulent intensity at y/2r and z/2r - 0.5 is plotted versus downstream location,
x/2r . For both X. - 5.1 and X. - 10.88, the turbulence increases at about the same rate for both the
uncogfined coflowiAg jet and th4 flow over the plate. The magnitude is consistently higher for the plate
configuration. In fact, X seems to have very little effect on the experimental data.

For the flow over the flap, however, the value of the parameter, X , is of considerable importance.
In the case with X - 10.88, the increase in turbulence is at a higher late than is the case for the other
two configurations. However, with X - 5.1, this increase is much more rapid. This fact is quite consis-
tent with the observations made conc

4
rning the decay of the mean velocity. At the location in the flow

field where the jet is decelerated and widened at the most rapid rate, the turbulence is also amplified
greatly giving a strong indication that the flap serves to quickly break-up the potential core flow.

Integral Scales

The longitudinal integral time scale in the x direction is defined in terms of the autocorrelation

coefficient as

T= R(t) dt'

or

T, - *R(t') dt'

where t is the time at which the coefficient first reaches the value of zero. To obtain the length scale,
the integral time scale is multiplied by the local mean velocity, again using the "frozen" turbulence
approximation (17).

Thus Ll - U x T

Physically, the integral length scale is approximately the largest turbulent scale in the flow.

The growth of the integral length scale for the unconfined jet for both values of Xj is addressed in
Figures 16 (a) and 16 (b).

Figures 16 (a) deals with the development of the integral scale at the lateral location corresponding
to the lip of the nozzle while Figure 16 (b) is concerned with the centerline growth. At the lip of the
nozzle, the integral length scale is found to grow linearly downstream as has been predicted by Laurence
(18). The scale for the unconfined jet with ), - 5.1 grows somewhat faster than is the case when X -

10.88. At the centerline of the flow field, te integral scale grows sir
4
larly for both values of

This is not too surprising since the velocity of the outer tunnel flow would not be expected to haveJa
significant effect on the turbulence in this region for the first several diameters downstream.

For the flow over the flap, the development of the integral scale is at"ite different than is the case
for the coflowing jet and is presented in Figure 17. It seems possible that the values measured at both
the centerline of the flow field and out at the lateral location of the lip can be plotted on one curve.
Also, the value of X does not seem to influence the results. The rapid increase and then decrease of the
values of the integr

4
l scales are notable in two respects. First, the large jump in the value of L

actually takes place before the flow has reached the curved portion of the flap. This is also true with
respect to the steep decline. An understanding of this behavior lies in an examination of the definition
of the integral length scale. First, since the flow field over the flap grows at the most rapid pace, one
would expect the integral length scale, which is an estimate of the largest scale in the flow to reflect
this increase. However, as the flow approaches the actual curved portion of the flap, there occurs a
turning of the flow direction and also a rapid transforming of the "top hat" mean velocity profile into a
profile more typical of a wall jet. Thus, the faster moving fluid particles are closer to the flap surface
while out at a/2r - 0.5, the fluid is moving considerably slower. This large decrease in the mean velocity
would cause a decdease in the magnitude of the integral length scale if the integral time scale does not
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increase significantly since it is the product of integral time scale and the local mean velocity which are
of importance. In fact, the integral time scale is nearly constant between x/2r - 2 and x/2r - 4.
Secondly, as was noted previously, the integral scale is at best a very weak function of the vaue of X
Though the presence of the flap amplifies the turbulence in the jet to a lesser extent when k is equal to
10.88, the product of the local mean velocity and the local integral time scale seems independent of the
outer tunnel speed. This, however, is difficult to determine precisely since the gradients of the integral
scale are very large.

The growth of the integral scales for the flow over the plate is presented in Figures 18 (a) and 18
(b). For both ), - 5.1 and X - 10.88, the integral scale at the centerline is consistently larger in
magnitude than i is at the lip of the nozzle. After roughly four diameters downstream from the exit
plane, the growth rate for all four curves shown is approximately the same. In the data presented here,
the value of X does effect the magnitude of the integral scale for the first few diameters downstream.
However, afterthat, virtually no influence can be ascertained.

TAYLOR NICROSCALES

Let u' be the fluctuation of the longitudinal velocity in the ambient flow, then the Taylor microscale, X V
of turbulence is determined from the following condition.

du' 2 u
'2

T

For isotropic turbulence, the Taylor microscale can be rewritten:

1 1/5 o2Eddk

T oE(d) dk

where k is a wavenumber, and E(k) is the three dimensional energy spectrum function. The integral in the
numerator is an indicator of the overall scale of dissipation while the integral in the denominator is an
indicator of the overall scale of energy. Thus XT may be thought of as the ratio of the dissipation of
energy to the total amount of energy in flow.

The Taylor microscale can be determined experimentally by fitting a parabola to the autocorrelation
coefficient curve near the origin. The intersection of the parabola with the delay time axis along with
the use of Taylor's hypothesis yields the value of the Taylor microscale.

Table 1 shows the value of the Taylor microseale for the three flow configurations with k equal to
5.1 and also equal to 10.88. For each flow field, the Taylor microscale is determined both at the center-
line and at the lateral position corresponding to the lip of the nozzle.

Consider initially the microscales determined for the unconfined turbulent jet. The values shown for
the centerline position are fairly constant though there does seem to be a slight tendency to increase.
Downstream from the lip of the nozzle, that tendency is seemingly stronger. It is interesting to note that
the values of Oat the centerline with X is equal to 5.1 are consistently lower than corresponding values
when X equals 10.88. The opposite is th4 case, however, downstream from the lip of the nozzle.

Next, the case of the flow of the jet over the plate will be discussed. Here again, a slight increase
in the value of the Taylor microscale is noted as the flow progresses downstream. The value of X does
sem to have a strong influence on the value of \r downstream from the lip of the nozzle. With X equal to
10.88 the values of X out in the shearing layer re almost an order of magnitude different than hr the
corresponding positioA for the smaller value of J.

Finally, consider the flow of the turbulent jet over the flap. Here at the centerline and the shear-
ing layer location, the Taylor microscale first increases and then actually decreases in value. This is
the case for both ratios of inner jet velocity to outer tunnel flow speed. Since the Taylor microscale may
be thought of as the ratio of the dissipation of energy to the total amount in the flow, consider the
implication of X decreasing. A decrease in the magnitude of the Taylor microscale represents a decrease
in relative magnitudes of the total energy in the flow to the dissipation in the flow. Considering the
total energy aspect first, since the turbulence obtains its energy from the mean velocity, a decrease in
the mean velocity will eventually show up as a decrease in the total energy of the flow. With respect to
the relative increase in the dissipation of energy, recall that the dissipation is dominant at high frequen-
cies. The flap which serves to amplify the turbulence in the flow field quite rapidly enhances the energy
cascading process and, thus, could be responsible for the relative increase in the magnitude of the dissipa-
tion. Evidence thus points to the fact that the flap has a very strong influence on the turbulent velocity
field.

Space-Time Two Point Velocity Correlations

The general space-time correlation coefficient for two points separated in a given flow field is as
follows:
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where , and .represent the spatial displacements of one point relative to the other and represents
the dell; time. He e, the space-time correlations are limited in scope to fluxuating velocities in the x

direction only. From these measurements, it is possible to calculate iso-correlation curves for optimum
delay, TM. Optimum delay time refers to the delay time at which the correlation is a maximum.

Typical results obtained are shown in Figures 19 thru 24. Figures 19 thru 21 deal with the case
when F is set equal to zero and hence are cross-sectional views of the three flow fields in the x-z plane.
Figures 22 and 24 correspond to the iso-correlations curves obtained with §1 set equal to zero and thus

represent cross-sectional views in the y-z plane.

The reference point which remains fixed for all the correlation coefficients determined in the three
flows has the following coordinates:

x/2r = 4 y/2r ° = 0 z/2r - 0.5

This downstream location is chosen for several reasons. First, this is the position at which the flap

first begins to curve in a convex manner from the x-direction. Secondly, it has been observed in many of
the one point measurements presented earlier in this report that there are significant differences In the
three flows at this positionand, also, the statistical properties have been carefully documented.

Before progressing further, a new term must be introduced and it is the line of maximum maximorum of
the correlations. Physically what is meant is that a line S is drawn through t~e po~nk on ea5 h colrlation
level which is separated the farthest amount from the reference point (i.e., ( + ) or ( 2 + 3 ) is a

maximum). With this line, it is then possible to get an idea of the flow pattern. The pattern of the

iso-correlation curves describe, in a qualitative sense, the large scale structure of the various turbulent
flow fields. The line S helps in a comparison to the shapes of the curves. If the turbulent flows can be

considered as possessing large eddy structures, the line of maximum maximorum yields information about the
sense of rotation of the eddies and any deformation.

In Figure 19, the iso-correlation curves in the x-z plane for the case of the unconfined, coflowing
jet are shown. The curves are very elongated in the streamwise direction and close to being symmetric with

respect to the E. axis. This is not the case about the
V axis, which is in contrast with contours presented for a fully developed turbulent boundary layer (5).

TAe difference presumably is due to the fact that part of the flow field lies in the potential core while
the rest can be considered a mixing region. The line S, marking the points of maximum maximorum of the

correlations is approximately straight which would be the expected behavior.

The iso-correlation curves in the x-z plane for the case of the turbulent jet flowing over the plate

are shown in Figure 20. Once again, the curves are elongated in the streamwise direction. There is no

axis of symmetry. The pattern formed by the iso-correlation curves is very complex and is composed partly
of two different lobes of high correlation value levels. The line S is drawn through the points of maximum
maximorum of the correlations as was done in Figure 19. Downstream of the fixed reference point, the line
is convex towards the surface of the wall. Upstream of the reference point, it is slightly more difficulty
to construct the line, but it also seems to be convex towards the plate's surface. Sternburg (19) has
offered a possible explanation of a qualitative nature for the observed shape of the S-lines. He theorizes

that this may be caused by the mean shear, deforming the turbulence flow pattern as determined by its

vorticity distribution. The maximum correlation will be determined by a point of the vorticity pattern
that passes the fixed laser control volume at t equal to zero and is observed at some time, T, later. The
larger eddies which have a longer correlation distance will rotate due to the distortion of the mean shear
flow in a clockwise sense and with a center of rotation in x-z plane. As the second, movable control

volume approaches the plate, a point of the flow pattern passing the fixed laser "probe" at T = 0 will be
displaced on the average from the wall by this rotation for T 0, while for T 0 this point has arrived

from a upstream position also at a greater distance from the wall. The rough picture would lead to an
S-line convex towards the wall below the center of rotation, a fairly straight line near the center, and it
will be curved concave to the wall above the center.

The iso-correlation contours in the x-z plane for the flow of the turbulent jet over the flap are
presented in Figure 21. As is the case for the plate configuration, the pattern formed by the isocontours
is not symmetric about either the ,ior the s axis. Before it has been observed that the previous two
controus demonstrated an elongation in the st eamwise direction. For the flow over the flap, The elonga-
tion exists but the pattern formed is rotated a sizeable amount from the longitudinal direction. Through
the points of maximum maximorum of the correlations, the line S is drawn. Before applying Sternburg's
approach, it is first necessary to recall the geometry of the flap and the relative position of the refer-
ence "probe." In Figure 1, a view of the jet/flap assembly is shown. After a distance of approximately
four diameters downstream from the exit plane of the nozzle, the tangent to surface of the flap rotates
quickly away from the horizontal direction. Thus, any position for the second "probe" downstream of the
x/2r - 4 plane would be over the curved section of the flap's surface. Now, consider the shape of the
line°S in Figure 21. Downstream of the reference point, the line heads down towards the wall surface and
is also convex relative to the flap. Upstream the line is also inclined with a negative slope from the
x-direction, and is essentially straight. Clearly, it is possible to say from observing the iso-
correlation contours that the flow is being turned by the flap. Secondly, considering the change in shape
of the flap surface and the convex shape of the line S downstream, Sternburg's ideas can be reasonably



applied once again. For the clockwise rotation of the large eddies, a point of the flow pattern passing
the reference control volume will tend to both be turned downward by the flap's surface and also be dis-
placed on the average from the wall by this rotation for a positive delay time. The flow pattern upstream
of the fixed reference point Indicates the direction from which the flow is coming.

In Figure 22, the iso-correlation curves in the y-z plane for the unconfined coflowing turbulent jet
flow field are shown. The eccentricity of each of the curves does vary but is .sseiitially zero and thus
the iso-correlation levels are close to being circles in shape. hence, symmetry in the flow exists about
the and the axes. Though Sternburg's ideas cannot be applied in the y-z plane, the line S can be
constructed and ?rom its shape, a rough estimate of the flow pattern can be obtained. For the unconfined
jet, the line of maximum maximorum can be drawn, starting from the center of the field, off in any radial
direction. One line is arbitrarily constructed for the sake of clarity. From observing the line S and the
iso-correlation curves, an indication that the jet's flow field is spreading out equally in all direction
is apparent. The lower correlation levels farther out from the cneter line represent fluid Particles which
have been separated from the potential core the longest period of time.

Consider next the iso-correlation curves in the y-z plane for the flow of the turbulent jet over the
plate (Figure 23). The change in the shape of the curves caused by the presence of the plate Is apparent.
The iso-correlation curves are elongated in the lateral direction. Although the flow pattern is clearly
not symmetric about the 2 axis, symmetry does exist with the respect to the3 axis. As was the case in
the x-z plane, the line S is again somewhat more difficult to construct. Allowing some author's discre-
tion, the line S moves out from the center of the flow in a slightly convex manner with respect to the
plate's surface. Two impressions can be drawn. Initially, the turbulent jet is drawn downward toward the
plate. Secondly, there exists an indication that the flow may be rolling up in the outer regions, or at
least some type of canted rotating motion of the larger eddies to the longitudinal downstream is being
observed. It is instructive to compare the differing flow patterns displayed in Figures 22 and 23. The
width of area enclosed by the iso-correlation curves is significantly smaller for the flow over the plate
for < 0, about the same for - 0 and somewhat larger for the F > 0. The second observation is rein-
forcea by the measurements made Af the mixing widths and the intermittency profiles for the two flows.

Lastly, the iso-correlation curves in the y-z plane for the flow of the turbulent jet over the flap
are shown in Figure 24. The iso-correlation curves are markedly elongated in the z direction. The flow
pattern is symmetric about the axis, but asymmetric with respect to the F axis. The line S is drawn
appropriately through the flow field pattern. The first impression is one oi noticing the narrowness of
the flow pattern. As has been mentioned previously, the flap is much more effective in amplifying the
turbulence levels of the turbulent jet. This more rapid and intense mixing action would manifest itself in
a decrease in the coherence of the flow field pattern. Thus, in the outer mixing region, the turbulent jet
is more apt to have forgotten its previous flow conditions, and correlations between the center of field
and a second point farther out in the mixing layer would be weaker. Secondly, consider the direction of
the line S. Downstream of the fixed reference point, the line is clearly heading in a negative t (i.e.
-z) direction. Upstream, there is some arbitrariness involved, but the line also has a negative heading.
From the flow pattern the impression is made again that flap is quite effective in turning the flow. At a
positive delay time, the particles that were at the reference point have moved steadily downward toward the
surface of the flap, and thus a stronger correlation level exists. The same type of agreement can also be
made for the flow upstream of the reference point.

D. Pressure-Velocity Correlations

Additional information concerning the turbulence structure of the various flow fields can be gained
from measurements of the pressure fluctuations at both the wall and in the turbulent jet and correlating
those signals with fluctuating turbulent velocities in the potential core and in the shearing region.

Pressures are measured either at surface ports located on the flap or plate or by a pressure probe in
the flow. In either case, the following space-time correlation are measured:

R (x ,.)- P(X,t)u(x + pt + T)
[p(x,t) 2Siu(x,?,t + ^r)2

where F is the position of the velocity "probe," measured relative to the pressure probe and p is the
static pressure measured at the wall or in the flow field.

The primary focus of this segment of the experimental investigation is to determine the relationship
between the pressure and the velocity fields. To show the dependence between the two fields, the coherence
is plotted for various pressure and velocity monitoring locations. Coherence, which can be considered a
correlation coefficient which varies with frequency, is defined as follows:

2 12
12 G II G22

where G.G are the Fourier Transforms of the individual autocorrelation functions and G12 is the Fourier
Transfo of ihe cross-correlation function. 12

I. Wall Pressure Fluctuations

Cross correlations between fluctuating pressure signals measured at surface ports in the plate and
flap and turbulent velocity signals monitored at various locations in the flow field are determined.

Consider first the case of the flow over the plate. To clarify the relationship between pressure and
velocity fluctuations, power spectral densities and coherence are determined with the laser "probe" at [3/2ro
- 0.2, /2r ° - 2/2ro - 0. Examples of the results for x/2r ° - 4 are shown in Figures 25-27. o
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Here the lateral positioning of tile pressure port and laser probe varies from y /2ro - 0 to y /2r -
I. It is found that inside the lip of the nozzle, y /2r - 0.5 the velocity spectra and pressure spectra
are characterized by large peaks at, in this instance, approximately 300 Hz. The coherence between the
pressure and velocity signals is clearly the strongest at this peak frequency. As the pressure and velo-
city monitoring "probes" are moved outward from y 12ro - 0.5 the spectral peaks are attenuated and the
resultant decrease in the coherence is noted.

Coherences are also determined for the flow over tile plate with 2/2r varying from 0 to I /2r - 0
and F /2r " 0.5 (Figure 28). Physically, the laser control volume is helt fixed at the location x/2ro -
4. y /2r

°  
0, and z/2r - 0.5 with the fluctuating velocity signal being correlated with surface pregsures

measured 2t x/2r - 4, z 2r. -0, and y /2r - 0, 0.5 and 1. Though not shown here, it is found that the
0 r0k a h s tz2velocity spectra are nuot as peaked as is the case at z/2r - 0.2 and, hence, the coherence between tile

pressure and velocity signals is diminished. Note that tte coherence decreases as the surface probe is
moved laterally outward from the jet centerline.

For the flow over the flap, coherences are determined between the pressures monitored at the surface
and the velocities at the y /2r - 0 location. The downstream location is held fixed at x/2r - 4. In
Figure 29, coherences are shown with the laser "probe" held fixed at /2r - 0 and z/2r - 8.2 while in
Figure 30, the laser measuring volume is Located at y /2r - 0 and z/21 - 6.5. Many of he same observa-
tions that were made concerning tile flow over the plate can be made once again. The velocity spectra are
found to be much more peaked closer to the surface of the flap. The coherence is larger in magnitude
between the wall surface pressure and the velocity fluctuations with 3/2ro - 0.2. Also, the coherence Is
the strongest at approximately 300 Hz.

2. Pressure Fluctuations at Probe

Cross correlations and coherences are determined between the static pressure measured by a static
pressure probe and the turbulent velocity fluctuations measured at the jet axis. The pressure is monitored
at three lateral locations (i.e., y /2r = 0, 0.5, 1.0) with the velocity control volume remaining fixed.
The vertical location for the pressure probe and LDV volume remains fixed at z/2r - 0.5.

0

For the unconfined, coflowing jet, the coherences between the fluctuating pressure and velocity signals
are shown in Figures 31-33 for the downstream location, x/2r - 4. In Figure 31, power spectral densities
as well as the coherence between the pressure and velocity f~eld are presented with t /2r - 0. Notice
that the spectra and the coherence peak at approximately 300 Hz, as was the case for ihe pressure measured
at the wall. In Figures 32 and 33, as the pressure probe is moved radially outward, the coherence de-
creases.

Next, consider the case of the turbulent jet flowing over the flat plate for the downstream location,
x/2r - 4. The pressure spectrum is again found to be markedly peaked at 300 Hz at y /2r - 0 and this
"bump" is both broadened and attenuated out from the jet axis. The velocity spectrum is n

8
t as peaked as

it is the case of the unconfined jet. The coherence of the two fluctuating signals (Figure 34) has been
significantly reduced with the plate in the flow field, and it decreases with increasing lateral separation
of the pressure probe and the laser control volume. The coherences obtained from the turbulent jet/flap
configuration for the downstream location x/2r - 4 are shown in Figure 35. The peak in the velocity
spectra has been virtually eliminated. It is Ynteresting to compare the coherence of each /2r position
for this flow with the jet/plate and unconfined jet flow fields. The coherences for the two 
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conined jet

flows are quite close in magnitude. The transformation of the turbulent jet into either a classical wall
jet or curved wall jet does decrease the relationship between the fluctuating pressure and velocity fields.

Figure 36 shows the change in the value of the correlation coefficient at a given lateral location as
the flow progresses downstream in each of the three configurations. The decrease in the correlation co-
efficient as x/2r increases is apparent. Also, the flow of the unconfined, coflowing turbulent jet main-
tains the h ghestalue of the coefficient at each measurement position.

CONVECTION VELOCITIES

The possibility exists of defining many kinds (20) of convection velocities. Favre, Gaviglio and
Dumas (21) showed that convection velocities can be determined from iso-space-time velocity correlation
curves R1,1 (,O,0,T). Favre et al. then defined the convection velocity as follows:

Ucon - /T

mx Imax hsamxmmvle

where Tmax is the delay time for which RI1. has a maximum value.

In particular in the case of relatively strong inhomogeniety taking in the dimensionless time t/L,
an average value of U across the distance 1' i.e.

t= d  U I(x + 1) - Mill(XI) +1(X + I4

where L is any suitable length scale.

The convection velocities determined for the three different flow configurations are shown in Table
II. Here for a given longitudinal displacement, nondimensionalized by twice the radius of the jet, between
the two measuring laser "probes," the non-
diensionalized delay time and the ratio fo the convection velocity to the mean velcity are given. Mean
velocity here refers to the average value determined using Favre's definition.

Focussing initially 2n the convection velocity calculated for the unconfined, coflowing turbulent jet,
the ratio of the Ucon to U. is very close to unity, and, indeed, remains fairly constant. Thus, in this
case, at least, the convechon velocity appears to be almost independent of the separation distance. Next,



consider the case of the turbulent jet flowing over the plate. Here something quite interesting happens.
As the flow progresses downstream, the convection velocity has approximately the same value as the mean
velocity for F,/2r ' 0 but for 12r increasing positively, the ratio Ucon/U1 is greater than unity.
This phenomeno also occurs in turbulent boundary layers over flat plates (11). To explain the reason for

this behavior, recall the vertical height above the surface of the plate at which these measurements are
taken and also the shape of the mean velocity profile for this flow in the center vertical plane. Notice
that there is a region of faster moving fluid particles closer to the wall surface. Also, as the flow
progresses downstream, the profile approaches that found for a classical wall jet. Hence though the ratio
of Ucon/U l may be greater than unity, the ratio of Ucon/U max will never be.

Finally. consider the flow of the turbulent jet over the flap. Notice that for
./Zr < 0, the value of the ratio of Ucon/U is slightly greater than unity. This can be explained using

t e same logic that is used in the previous aragraph. The reason that Ucon/U| < occurs sooner than is
the case for the flow over the plate is that the mean velocity profile over th curved surface in the
center vertical plane is transformed much more effectively and rapidly from the ideal jet's "flat top" to
the wall jet shape. For
4_/2r > 0, the convection velocity has decreased substantially. Presumably this is due to the fact that
t e fdow is undergoing a change in direction.

A summary of the significant results detailed in this experiment will now be given. The presence of
the coufining surfaces was found to be of importance in the resultant effects on both the mean and fluctua-
ting part of the turbulent velocity field of the jet.

It was found that for the flow over the plate, the mean velocity field tended toward the fully
developed turbulent shape in different horizontal planes faster than in the vertical plane at y/2r - 0.
Also, the flap seemed more effective in changing the flat velocity profile characteristic of a cir~ular
nozzle into a wall jet profile.

Convection velocities were determined for the three flow configurations. The convection velocity
determined for the unconfined jet was found to be approximately equal to the local mean velocity and also
to be independent of the separation distance between the "probes." For the cases of the flows over the
plate and flap, the convection velocity was greater than the local mean velocity in several instances when
the local velocity was considerably less than the maximum velocity at that particular downstream location.

Longitudinal integral length scales and Taylor microscales were determined. The integral scales for
the flap were seen to have a rapid increase and then decrease in magnitude as the flow approached the start
of the curved portion of the surface. For the unconfined turbulent jet, the growth of the integral scale
at y /2r was linear, as predicted. At best, the integral scale development for the three different
configurations was a weak function of X . The value of X did strongly influence the magnitude of the
Taylor microscale, 

X
T' at the lateral p~sition corresponding to the lip of the nozzle.

Pressure velocity correlations using both the static pressure probe and the surface ports yielded
strong evidence that as the flow progresses downstream, and the flow becomes a fully developed turbulent
flow, the relationship between the pressure and velocity fields diminishes. For the first several
diameters downstream from the exit plane when the pressure and velocity spectra peak at approximately 300
Hz, the coherence between the two fluctuating fields is the strongest.

Auto and cross correlations were determined for the concentration field at various downstream loca-
tions. At x/2r - 4, the autocorrelation coefficient curve was found to possess a damped sinusoidal nature
for the three d~fferent flow configurations. The concentration fluctuations at y - t 0.5 were found to be
related both at x/2r - 4 and x/2r = 8. The maximum absolute values of the cross correlation coefficient
did decrease sizablyOfrom four to eight diameters downstream of the exit plane, however. The power spectra
for the jet, jet/plate, and jet flap all exhibited a peak at x/2r - 4 at approximately the same frequency
as that found in the core velocity spectra. Here again, evidenceoexists in reinforcement of the vortex
model of the jet. The plate and the flap did seem to diminish the peak and also seemed to cause a shift of
energy to lower frequencies in the spectra.

Space-time correlations for the turbulent velocity fields were obtained, and the lines of maximum
maximorum were constructed for both the x-z plane and the y-z plane. For the unconfined jet, the iso-
correlation levels were symmetric with respect to the 1 axis though very elongated. The line of maximum
maxImorum was straight and parallel to the axis. In 

1
the y-z plane, the iso-correlation levels were

circular in shape about the . axis. For thl flow over the plate, the iso-correlation curves in the x-z
plane were very complicated ad elongated in the t direction and the line of maximum maximorum was cured
convex towards the wall both upstream and downstream of the fixed reference "probe." For the flow over the
flap the iso-correlation curves were elongated and rotated down towards the surface in the x-z plane.
evidence also existed as to confirm the effectiveness of the flap in turning the flow. The iso-correlation
contours for the turbulent flow fields demonstrate the existence of large scale structures. Consider the
fact that the shape of the contours is significantly different for each of the three flow configurations in
both the x-z and the y-z planes. The flow "knows" whether or not a confining surface is present and also
"senses" if the wall is curved or flat. This "knowledge" is then seemingly transmitted throughout the flow
field.

This experimental investigation has shown that large scale structures do exist in the near field of
the turbulent jet. The two point velocity and concentration measurements document this observation. The
plate and the flap were found to strongly influence the large scale structure of the jet.

Several conclusions can be reached. First, the flap served to diminish the extent of influence of the
large scale structures in the flow field. This should help in reducing the structural loads the flap or
wing muat endure. Instead of one dominant frequency in the velocity field, the turbulent fluctuations in
the entire power spectrum would be amplified. The implication would then be to mount the nozzle as close
as possible to the curved portion of the flap. The second conclusion is in reference to comparing the
velocity flow field with the two different velocity ratios, X . There exists considerable doubt as to

LA
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whether or not the jet flow will even remain attached as the velocity ratio between the inner jet flow and
the tunnel flow tends towards infinity. The significance of measurements made in a static testing configu-
ration (Xj - 0) is quite questionable.
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AN EXPERIMENTAL AND THEORETICAL INVESTIGATION OF
THE INTERACTION BETWEEN THE ENGINE JET AND THE

SURROUNDING FLOW FIELD WITH REGARD TO THE PRESSURE
DRAG ON AFTERBODIES.

by
A. Zacharias

MESSERSCHMITT-BOLKOW-BLOHM GMBH
Aircraft Division UP FE123

P.O. Box 801160

8000 MUnchen 80
West Germany

SUMMARY

In order to clarify the interaction between rotationally symmetric engine jets and af-
terbody configurations, the dependence of the jet characteristics (i.e. the plume effect
and the entrainment) and the afterbody pressure drag on the jet parameters, the free
stream Mach number and the afterbody geometry has been analysed. Extensive tests have
been carried out in the high subsonic Mach number range on three different afterbodies
at Reynolds numbers from 0.5 x 106 to 1.3 x 106. The nozzle pressure ratio and the
temperature ratio of the model jets were varied in the range Pt-/pm = (1.0) 1.2 to 2.4
and Ttj/T,, = 1.0 to 2.86 respectively. Measurements were then cirried out to determine
the static pressure and temperature distribution as well as the boundary-layer profiles
over the surface of the models. At the same time, the pressure and temperature profiles
in the jet were determined in several planes behind the jet exhaust plane. From the
experimental results empirical equations have been set up which show the dependence of
the plume effect, the entrainment and the afterbody pressure drag on the jet parameters,
the free stream Mach number and the afterbody geometry. With the aid of a finite-element
method and theoretical potential flow model for jet simulation, a numerical procedure
has been developed which allows the pressure drag on rotationally symmetric afterbodies
to be calculated with due allowance for the effects of the engine jets. Comparison of
the theoretical and experimental results shows a satisfactory agreement.

LIST OF SYMBOLS

a. Geomeutcal Symbls c. Flui Mechanical Qustltle

Ao  m
2  maximun model cross-section a jet spreading angle

o boattail angle b - gradient of the mas flow increase of jet

D mm nozzle diameter (= 2R) CDp - pressure drag coefficient ( WDp/q.. Ao)

Do  nun model maximum diameter (= 2R o ) CDF - friction drag coefficient ( WDF/q Ao)

L mn boattail length Cp - pressure coefficient (Pob - P_)/q_

R nun jet radius 5 mm boundary layer thickness

AX2  - geometrical parameter of the boattai 61 mn boundary layer displacement thickness,

( LIDo. Db/Do) eqs. (6.4) and (6.5)

x, y, z - cartesan coordinates Ma. - tunnel free-stream Mach number

x, r. 6 - cylindrical coordinates A kgs mass flow

n - normal vector p bar static pressure

. - tangential vector ptj/p. - nozzle pressure ratio

q bar dynamic pressure

b. Mathematled Symbok Re - Reynolds number ( p_ u, Dd0,,)

C3  constant in eq. (5.2. 1) p kam' density

comtst in eq. (52.1 a) t temperature in *C

* velocity potential T K absolute temperature

T1 /T. - jet temperature ratio

a x ay' u m/S velocity
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W kp drag jA jetaxis

w r m/s velocity distribution of the jet t totul

entranment, eq. (4. 1.6) i.j, k indices of the coefficients of the

polynomial

d. Indices n in normal direction

free stream t in tangential direction

j jt (e) related to the element

jO settling chamber incompressible

k compressible

1. INTRODUCTION

To make predictions of both the performance and the aerodynamic properties of an
aircraft, a comprehensive knowledge is required as far as the aerodynamics of airframe
configurations and engine performance is concerned. On the condition that the flow is
attached to the airframe it is nowadays quite possible to make relatively accurate
statements about the characteristics of aircraft configurations with nacelles, external
stores, etc. However, when a jet engine is installed into the airframe the interaction
of the jet on the surrounding flow field must be taken into account. In the case of an
aircraft development this means that the jet effects must be understood empirically or
theoretically and taken into consideration.

Basically, a thrust
jet emerging from

PC the engine nozzleTat Pressure

gainsHigh turbulence has two effects on
region the surrounding flow

u Boundary layer Entrainfield, Fig. 1:

1. The jet has a
pl plume effect actingon the flow.

MJ Mixing area 2. The jet acts as
a sink, removing

q 1.mass from the sur-
Entrainment /rounding flow field

er/ 1.0 (entrainment ef-
Afterbody/Jet Jet boundary Temperature fect).
Interference region Dynamic pressurei profiles

Dynamc presureBoth effects cause

the engine jet and
Fig. 1: Schematic drawing of interactive parameters with after- the airframe flow to

body jet flow. interact.

The development of aircraft with engines installed in the afterbody section has
always shown that it is difficult to accurately determine the afterbody pressure drag
which on the one hand depends on the afterbody geometry and on the other hand is af-
fected by the plume effect and entrainment of the jet. In turn, the jet effects depend
on the parameters of the jet and flow as well as on the afterbody geometry.

Today, numerous studies are found in the literature which deal with the problem of
afterbody pressure drag, Ref. 1 to 16 etc. The results obtained from tests on after-
body drag have almost exclusively been discussed from the view of the afterbody geome-
try, omitting a thorough analysis of the jet effects of the plume and entrainment. How-
ever, the spreading behaviour of the jet has not been simultaneously investigated. Im-
portant information on spreading angles and entrainment velocity of the jet, which is
required for the basic examination of the interaction of the jet and afterbody, is
therefore not available. In general, the problem of jet simulation in wind tunnel tests
is very difficult, placing exacting requirements on the wind tunnel test technology. The
different results obtained from wind tunnel and flight tests emphasize the need to adapt
the test conditions to reality, if possible, and to employ exact jet simulation tech-
niques.

Furthermore, numerous studies are found in the literature today dealing experimen-
tally and theoretically with the problems of jet spreading, see Ref. 17 to 35 etc.
All studies describe the jet spreading only downstream of the jet exhaust plane. The af-
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terbody/nozzle configuration upstream of the jet exhaust plane has not been taken into

account or Lhe interest has been limited to the internal nozzle geometry only. However,
the afterbodj/nozzle geometry is significant for determining the jet spreading behav-
iour. If the jet effects are to be analyzed with regard to the plume effect and entrain-
ment, general statements will be necessary about the jet spreading angle and the en-
trainment velocity as a function of the jet pressure and temperature ratio, the free
stream Mach number and the afterbody geometry.

In summary it can be said that the flow mechanism of the interaction of the jet and
the afterbody is not yet clear. The studies performed until now concentrate on partial
problems either in respect of the afterbody drag or the jet spreading behaviour.

The spreading behaviour of rotationally symmetric engine jets and the aerodynamic
behaviour of rotationally symmetric afterbodies will be jointly analyzed in this paper.
For this purpose, systematic wind tunnel model tests have been carried out on engine
jets with different nozzle pressure and temperature ratios with due allowance for the
effect on the afterbody pressure distribution and thus on the pressure drag on rotation-
ally symmetric afterbodies with different geometries. Using these results,the jet sprea-
ding angle and the entrainment velocity of the jet as a function of the jet parameters,
the free stream Mach number and the afterbody geometry are determined. This function has
been covered by interpolation polynomials. In addition to this, empirical equations have
been set up which represent the afterbody presurae drag as a function of the afterbody
gmetry, the jet parameters and the free stream Mach number. Based on the experimental
results of the jet spreading angle and the entrainment velocity, and with the aid of the
finite-method, a procedure has been developed which, for the first time, allows the
afterbody pressure distribution and, consequently, the afterbody pressure drag to be

calculated with due allowance for the effects of the engine jet. The equations set up
and the theoretical results have been checked and verified by the model tests. The final
results available in the form of equations can be used by the design engineer as a first
estimation of the afterbody pressure drag for single jet/afterbody geometries.

2. EXPERIMENTAL SET-UP AND TECHNIQUE

2.1 Wind Tunnel

The tests have been carried out in the jet induction wind tunnel (SIB) of the DFVLR
Institute for Design-Aerodynamics in Braunschweig, Fig. 2, Ref. 36 . The jet induction
tunnel is a wind tunnel with a closed test section and an open circuit (Eiffel type tun-
nel). A J79 jet engine is used to induce the air flow in the test section. The test sec-
tion has a circular cross section.

Secondary compressed air

-Combustion chamber

k;displacement
/ \ - JP~~ device

/ -H

Primary Test section Jet rake Diffusor Jet engine J 79 Sound
compressed air Afterbodymodel i max50 Kg 'absorber

Nozzle

Fig. 2: Jet induction wind tunnel, test set-up

The static pressure on the wall was measured in 8 planes along the test section - 4
static pressure taps per plane symmetrically distributed on the circumference. The pres-
sure and temperature profiles of the model jet and flow were determined using a rake
with 30 equidistant test points. The rake was remotely controlled by a probe traversing
gear.

The skin temperature distribution was measured by thermocouples which had been care-
fully embedded in the model surface.

2.2 Models

Fig. 3 shows the outer contours of the three models; the geometrical data are com-
pileain-Tihe table. Configuration 1 represents the 1:7.2 model of the engine nacelle
of the HPB-320 test aircraft of the DFVLR. The model is rotationally symmetric and pos-
sesses the contour of the upper meridian of the original engine nacelle.
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The investigations of the hot gas jet
have been exclusively performed with mod- .0"
el 1. In order to shield the surface from V/00

the thermal radiation of the model jet, I
extensive constructional measures have been
taken to achieve proper insulation. Models
2 and 3 were manufactured at the DFVLR,
Porz Wahn, to carry out investigations IO O,
within the joint AGARD program of "Im- 1
proved Nozzle Testing Techniques in Tran-
sonic Flow", Ref. 38 . Important geometri- I -0

cal parameters of the models used for this __06
test are: the afterbody angles B of 7', 10-
and 25"; length L of the afterbody, defined
as the distance between the maximum cross
section and the jet exhaust plane; and the
basic diameter in the jet exhaust plane, M C.1...... . o 0. L I Dr U 0,1

see Fig. 3. Models l and 2 have a circular
arc contour while model 3 is cone-shaped _.us s. e , ,, , ... 1 8"3111W
with the exception of the shoulder region, . ....
which has likewise a circular arc contour. I
All three models have static pressure I - nl , ,0mim
orifices distributed on the surface over .
the entire model length in one plane O I 1769 42 , as $40M,$

(z/D - 0). Thermocouples used for re-
cording the surface temperature distribu-
tion are embedded in the surface of model 1
in the same plane as the static pressure
orifices.

Fig. 3: Model geometry

2.3 Data Acquisition and Evaluation

The pressure orifices were connected to a data acquisition system via 2 Scanivalves,
the thermocouples were connected to reference junctions and a scanner. All test data
were recorded fully automatically on paper tape with the aid of the digital data acqui-
sition system scanning the test data at a rate of 5 test points per second. The evalua-
tion took place in the electronic data processing center of the DFVLR, Braunschweig,
using a SIEMENS 7.755 data processing system.

In order to establish appropriate mathematical models for the theoretical calcula-
tion of the jet spreading it is necessary to gather information on the structure of jet
mixing. This requires systematic turbulence measurements of the jet to be carried out.
To investigate the influence of the plume and entrainment effects of an engine jet on
the surrounding flow field, the jet spreading angle and the entrainment velocity of the
jet as a function of the jet and flow parameters as well as the afterbody geometry must
be known.

Determining jet profiles is very difficult. Non-intrusive optical measurements (e.g.
Laser-Doppler-Anemometry) are very time-consuming and are therefore not developed to be
employed for such tests. Measurements of the jet profiles by means of conventional test
probes of finite size (e.g. static tubes) are likely to exhibit measuring errors which
must be carefully taken into consideration in the evaluation. Pitot probes with long
pressure lines and, consequently, low response times are most suitable for measuring the
mean values in the turbulent boundary zones of the jet. Thermocouples are similarly slow
in behaviour.

The calculation of local velocities in the transonic range is a lengthy procedure
and can be made by multiple iterations only. The Pitot probe formula after Rayleigh is
used to determine the existence of either subsonic or supersonic speed in the vicinity
of the nozzle exit plane, Ref. 23 . Mach number is obtained from the pitot pressure, the
static pressure and the local isentropic exponentx . If Ma, is smaller than 1, the
velocity is computed using the laws of compressible subsonic aerodynamics. If Ma. is
greater than 1, the test values from behind the shock wave are used to determine the
undisturbed supersonic flow in front of the normal shock wave. Velocities and tempera-
tures have been computed by means of the precise c and "-values which have been
determined for each temperature. The gas constant & has always been computed as a
function of the air-fuel ratio.

3. TEST PROGRAM DESCRIPTION

The tests carried out with the three models included 5 different free stream Mach

numbers (Ma. - 0, 0.4, 0.5, 0.6, 0.7), 6 different nozzle pressure ratios (Ptj/P.0 1.0,
1.2, 1.4, 1.6, 1.89, 2.4), and 3 jet temperature ratios (Ttj/T. - 1.0, 1.84, 2.86), the

latter ones carried out on model 1 only. The boundary layer, surface temperature dis-

tribution and afterbody pressure distribution have been surveyed in these tests. Velo-

city and temperature profiles in the jet have been taken in 13 planes each. Fig. 4, is a

summary of the tests carried out.
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4. EXPERIMENTAL RESULTS AND ANALYSIS

4.1 Jet boundaries and entrainment

The velocity profiles indicate that the boundary layer behaviour of the afterbody
flow is still maintained far downstream of the jet exhaust plane, F1. 5. The distance
up to the point where complete jet-flow mixing is reached depends on the afterbody geo-
metry, on the free stream Mach number and on the jet parameters. It is between 4 and 10
nozzle diameters in the case of the investigated parameter range. In this range, the
radial distance has been assumed for the jet boundary RS where the velocity profile u
- f (r) is a minimum. Further downstream, the well-known condition uj = 1.01u, was used
to determine RS .

Fig. 5: Velocity profile of the jet and the
surrounding flow downstream of the
jet exhaust plane

The test results given in F are representative for the entire range of the in-
vestigation and show the variation of the jet boundary RS vs x. The jet boundary is
determined as the mean value of four non-consecutive measurements, Fi ._ The results
obtained from all three models have shown that Rs increases linearly with x and rises
continuously with the nozzle pressure ratio. However, the gradient of increase varies
between the models, Fig. 6b.

The relation I + 2 - tn a (4.1.1)
R

can be derived for jet boundary. Linearity is clearly shown in both the low and the
highest nozzle pressure ratio in thi/a investigation. The intermittent structure of the
jet boundary is determined as a jet boundary envelope because of the steady character of
the measurements and the fact that the mean value is formed. The respective jet
spreading anglect has been determined in the relationship 4.1.1.
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Fig. 7 shows the influence of the free stream Mach number and the jet parameter on
the jet spreadina angle for model 1.
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For all nozzle pressure ratios Pt./Po the jet spreading anglea decreases with the
free stream Mach number, Fig. 7a. Accarding to the results, the trend is linear. When
plotted versus the nozzle pressure ratio Ptj/P. , the jet spreading angle increases at a
higher order than linearly, Pi 7b. This t end can be noticed for all free stream Mach
numbers. Investigations carried out by E.S. LOVE et al. Ref. 34 , dealing with the
spreading of jets in quiescent air ana in the supersonic range yield the same results. A
direct comparison between their results and those of the present study is hardly pos-
sible because of the low nozzle pressure ratios of the present investigation. A rise of
the total jet temperature Tt. which, at a constant nozzle pressure ratio, results in a
higher jet exhaust velocity aj, causes a larger jet spreading angle, Fig. 7c.

Increased boattailing, larger afterbody angles 8, yield greater jet spreading angles
C, Fig. 7d. These findings clearly show the dependence of the jet spreading behaviour on
the afterbody geometry and thus point out the need for a joint investigation of engine
jet and afterbody for optimization of the afterbody configuration.

The jet absorbs mass from the external flow field so that, besides the plume effect,
an entrainment is produced relative to the jet environment. To obtain clarity about the
entrainment effect it is necessary to determine the entrainment velocity. For this pur-
pose, the mass flows of 13 planes (x/D = 0, 1, 2 ... 12) where the pressure and tempera-
ture profiles of the jets have been recorded have been calculated by means of the fol-
lowing equation: RSk

injk = 2-f j(r)k • u(r)k • r • dr (4.1.2)

0
k = 0 to 12

As in the determination of Rs , mjk is the mean value obtained from four mass
flows.

The results have shown that the mass flow in m, k

axial direction has a quadratic pattern with a weak T \0
term of 2nd order, Fig. 8, but a linear approxima-
tion of .

mj = k +b' (4.1.3) ' 
.  

.rn• D
mjo 2,;

which is satisfactory. i 0 is the mass flow calcu- Mc® 05
lated from the data obtained in the nozzle settling ,
chamber. ,-s2.0

At a distance of 12 nozzle diameters behind the jet 2,0

exhaust plane, the jet heated by 500° C has twice
the mass flow of the jet exhaust plane, the jet
heated by 250* C has a 1.65-fold mass flow, the
cold jet has a 1.2-fold mass flow. In the range
of 0'.x/D-12 the gradient - -

d~dtJk / jO) = b' (4.1.4)

dx x/D

increases with the temperature ratio Ttj/T. .  Fig. 8: Mass flow increase of the
jet at Ma = .5, pt-/ =

1.89 and 3= 7 (Moael 1),
temperature influence

The calculation of the entrainment velocity wr* vertical to the jet boundary is made
according to

SP-k+ I RSk

0 0 - 415

im .= p•APk•w

With AF being the surface of a circular cone segment of the jet, the mass flow increase
being Al 0mjo b' Ax and taking into account equation (4.1.1), the result for the en-
trainment velocity wr* in m/s after several transformations is
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-b' cos, eio
w. '2.w • p. {R + (R+x)ton ,) (4.1.6)

The mass flow Ajo in the jet exhaust plane depends on the nozzle geometry and the jet
parameters i.e. the operating conditions of the jet engine of the aircraft.

The influence of the jet and flow parameters as well as of the afterbody geometry on
the sink intensity of the jet is shown in Fi. 9. The intensity of the jet sink decrea-
ses with increasing free stream Mach number. Higher nozzle pressure ratios and jet tem-
peratures, and larger afterbody angles increase the sink intensity.

Model I
measurement

C /p~~ 5. Mo. -05 4Mo,,-05

d). P1 /P.I - 189. *0 .0 Ttj /T in-194 00e Tt j T. - 194 pJ/p -

C o0 0 160 10(D -r 04. a 1 6 a 1 94 .

-4 ) 05" 1 89 a 2 86 0
'a.C 0S. 0., 204 9 ,

C 4J 414407 41

0

8xD 12 8 xlD I? 8 xlD 12

> Influence of the Influence of the Influence of the

free stream Mach nozzle pressure jet temperature

number ratio ratio

".Pti/ 1. - 89 1
STti/T. -1.01

*_008 Model 1: 0-7- 0

W Model 2: -10 0 Measurement
4J " Model 3 p-250 0

so

C0,

C4J

1 0 0 4 8 xD12
o > Fig. 9: Non-dimensional entrainment velocity of

(4) Influence of the the jet wr*/U.At influence of the free

boattail astream Mach n mber, nozzle pressure ratio,
angle p jet temperature and afterbody angle (ujAJ

at x/D = 1).

The entrainment effect of the jet and its spreading angle can be described physical-
ly in terms of the molecular viscosity in the case of a laminar jet, and, in the case of
a turbulent jet, in addition of the flow turbulence. An air particle with the velocity
u. at the boundary of the jet entrains its adjacent molecule due to the effective vis-
casity. In this context effective viscosity means that the viscosity under turbulent
flow conditions consists of a molecular component and a vortex component. The vortex
component to the viscosity does not exist under laminar flow conditions.

At the quiescent environment, the particle of the
environment is accelerated and entrains the adjacent
outer particle whilst the jet particle decelerates to U.-O < U ,
the same degree as it transmits energy. If the environ- I
ment is in a state of motion, the mixing region re- RS
quired for the acceleration of the external air parti-
cles and for the deceleration of the jet particles is
smaller.

At the same time, the energy transmission of the L #

particles is less because of the smaller velocity dif-



ference relative to the surrounding medium. This results in a smaller jet boundary and
consequently a smaller jet spreading angle as well as a retarded decomposition of the
jet. The same flow mechanism but in opposite r-direction occurs for u -umincluding the
wake without jet. If the jet is heated, the velocity jump between u i nd u, is larger
than that of a cold jet with the other conditions remaining the sam (constant Ptj/P.);
the mixing region is correspondingly wider.

If the jet boundary is laid down as defined in the previous chapter, it is physical-
ly correct that a static pressure drop in the mixing region is caused by the accelera-
tion of the external air particles. This static depression in the mixing region justi-
fies the assumption of a sink distribution on the jet boundary when establishing poten-
tial flow models. These basic physical principles - apart from the existing turbulent
flow conditions in the jet - enable a relatively simple explanation to be made of the
behaviour of the jet spreading angle as well as that of the entrainment effect.

The behaviour of the jet spreading angle a as a function of the afterbody angle
can also be explained by means of the basic physical principles which have been deter-
mined. In this context the behaviour of the boundary layer and the conditions of the af-
terbody external flow in general have a considerable influence. The pressure rise in the
afterbody section, which must be overcome by the boundary layer particles, increases
with increasing afterbody angle 0 since the depression at the model shoulder increases
with the afterbody angle P due to the greater camber. This will finally result in the
separation of the boundary layer when the afterbody angle 0 has become so great that the
extremely slow boundary layer particles cannot proceed into the area of the accordingly
steep pressure rise.

The energy which can be transmitted by
the jet particles of the boundary zone which 1.0
is used to accelerate the extremely slow or
even backwards drifting particles of the sur- UjA-U a
rounding flow is high and the mixing area be-
tween the jet and the flow becomes wider. UjA-Uat

These effects cause the jet spreading 0.8 7M -0.6 -

anglea, Fig. 7d, to increase with an in- -1.0
creasing afterbody angle 8, and the sink
to become more intense, Fig. 9d. Due to I t* 1.89 2.4

the more vigorous jet mixing, the loss of
kinetic energy of the jet particles is 0.6- M odel

greater in the case of a greater afterbody 1 -0- 4

angle B. This can be proved by the greater 2 -- --
deceleration on the longitudinal axis velo- 3 - -- Measuremenl
city of the jet with increasing afterbody
angle B, Fig. 10.

2 1 6 8 10 12
Here it becomes obvious that the axis- x/D

velocity of all three models is similar
in close proximity to the jet exhaust plane. Fig. 10: Velocity of the jet axis down-

stream of the jet exhaust plane
(ujA at x/D = 1), influence
of the afterbody angle B

4.2 Afterbody Pressure Drag

The pressure drag coefficient of rotationally symmetric afterbodies is calculated by
means of the formula:

C = P = 2 r dr (4.2.1)

and provided that the pressure distribution c is rotationally symmetric - this is the
case with rotationally symmetric bodies in a ?low of zero incidence. cDP is the mean
value from 13 pressure drag coefficients which have been determined from 13 successive
pressure distribution measurements cp by means of equation (4.2.1).

To determine the influence of jet temperature on the afterbody pressure drag,, it is
important that the temperature of the model surface should be kept constant during
hot-gas jet tests. Previous investigations, Ref. 37 without a heat insulated model
surface have shown that with increasing jet temperature the temperature of the model
surface was considerably increased through heat radiation. Thus the boundary layer was
additionally heated and consequently the model surface condition changed with the jet
temperature. A clear definition of the influence of the jet temperature on the pressure
drag can hardly be achieved under such conditions.
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02 Fig. 1gives a general survey of the in-
fluence -_ the afterbody geometry, in particular of

Cp . the afterbody angle 3, on the pressure distribu-
tion. For a given free stream Mach number and fixed

01 nozzle pressure/jet temperature ratios, the figure
01-- shows the measured distribution values for each

L - model plotted vs x/L.
In close proximity to the shoulder (x/L - 0

tOC-ZE"-' 0.2) a larger afterbody angle a results in large
S '0 -L-pressure drops because of the accelerated flow and

the greater spreading. Tae larger the afterbody
xiL, Model 1 p-70 0 angle 8 is, the greater is the subsequent pressure

Modet 2 p-100o rise caused by decelerated flow (diffusor effect).
Model 3 P-250  With 8 = 25, the flow is separated, from x/LefO.3

onwards (dcp/d(x/L) ' 0).
Measurement

The influence of the free stream Mach number
Ma.-0.5 Ma on the afterbody pressure drag is shown in

-02 tjp - 1.89 Fig . 12a for model 1 with ptj/po = 1.89 and for the

Tfj/Tm - 1.0 three jet temperature ratios. The plume effect of
the jet is reduced due to the jet spreading angle
decreasing with Ma.. The entrainment effect is

-0 3 always active in increasing pressure drag although
the sink intensity decreases with increasing free
stream Mach number. In addition, the reduced static
pressure in the area of the model shoulder (x/L =

-01. 0) is generally decreased further with Ma which in
turn produces a higher pressure drag. It can thus
be seen that the pressure drag increases slightly

Fig. 11: Influence of the afterbody with the free stream Mach number. This trend exists
angle 13 on the pressure for all three jet temperature ratios.
distribution
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Model 2 Fig. 12: Pressure drag coefficient CDp of model 1, in-

10
0  fluence of the free stream Mach number, nozzle

0.02 i pressure ratio, jet temperature and boattail angle

1.0 2.0 ptj/p 3.0

The calculated cDp values are plotted in Fig. 12b for the cold jet and four free
stream Mach numbers Ma, vs the nozzle pressure rat o ptj/po for model 1. For the jet-off
case (Pti/p. = 1.0) there is no jet displacement effect and therefore the pressure drag
coeffic int is highest. In case of a jet emerging from the nozzle, C p first decreases
with the increase of the nozzle pressure ratio Ptj/Pe, reaching a mlnimum value at



Ptj/Pw = 1.2, and then slowly increases again. This CDp rise starting at ptj/p.l. 2

becomes flatter with increasing free stream Mach number Ma, and at Ma, = 0.7 it remains
almost constant in the range of 1.2 ' pt/2.4. The same trends have also been found
by H. EMUNDS and H. RIEDEL Ref. 37 , W. . COMPTON III Ref. 39 , 40 , and B. MECHIN
and J.M. HARDY Ref. 41 in their investigations of the CDp behaviour as a function of
ptj/p. as well as of Ma_ . When looking at the variation of the CDp values and
considering the behaviour of the jet spreading angle c and the sink intensity w* for
the jet as a function of the parameters ptg/p_, _Tt/T_ and Ma. , as determined in the
previous chapter, the variation is relativ ly easy fo explain because of the
simultaneous influence of the plume and entrainment effects of the jet.

If a jet emerges from the afterbody nozzle, the external flow field is displaced due
to the jet spreading and a recompression of the flow is caused at the afterbody end. For
this reason, the course of the cp distribution towards the afterbody end becomes steeper
In this case, the integration of the Cp-values results in a lower afterbody pressure
drag as compared with the conditions without jet.

The effect of the nozzle pressure ratio Pt-/p, on the pressure drag at constant free
stream Mach number is as follows. At ptj/p, = 1.9 the entrainment effect of the jet is
small while the plume effect of the 3et dominates, which means that low afterbody pres-
sure drags are obtained because of the recompression of the afterbody flow. If Ptj/P,
is increased, the jet spreading angle and consequently the plume effect are enlarged. If
there were only the plume effect of the jet, this would yield even lower coefficients of
afterbody presssure drag. However, the sink force of the jet also increases with the
nozzle pressure ratio ptj/p, , thus preventing the recompression at the afterbody end
more than it is favoured by the larger jet spreading angle c . cDp is therefore
increased again with increasing ptj/p, (Ptj/P,;1.2 ). In the range of 1.5 ptj/p-2.4
and with slim afterbody boattailing the plume effect counterbalances the entrainment
effect of the jet. In the range of Ptj/p,> 2 .4 the plume effect of the jet dominates
more and more and results in a continuous decrease of the afterbody pressure drag
coefficient according to the Ptj/P. increase, Ref. 38 , 42 .

The jet spreading angle c and the sink intensity increase along with the rising tem-
perature as described in chapter 4.1. The influence of the entrainment effect, however,
is less important as compared with that of the plume effect because of the enlarged jet
spreading anglect.

A jet temperature rise of 250 °C results in a 11.6% reduction of the afterbody pres-
sure drag coefficient. This is brought about by the intense recompression which, in
turn, is due to the dominating plume effect. Fig. 12c shows the afterbody pressure drag
coefficients cnp plotted vs the jet temperature ratio Ttj/T,,for model 1 at Ma' = 0.6
and pt /p = I. 9. A jet temperature rise of 500 °C reduces the CDp as compared with
the cord jet and, as a consequence, reduces the afterbody pressure drag by 14.5%.

The results of the investigations performed by W.B. COMPTON III Ref. 40 indicate
the same trend, while the tests on a heated model surface, Ref. 37 , shows a pressure
drag coefficient which is increased by 17.4% at the same jet temperature.

The influence of the free stream Mach number and of the nozzle pressure ratio on the
pressure drag coefficient, as shown in the previous chapter for model 1, have also been
determined for model 2 whereas differences have been obvious in model 3.

Fig. 12d is a comparison between the pressure drag coefficients of models 2 and 3
plotted vs the nozzle pressure ratio. At a nozzle pressure ratio p -/p >1.0 , model 3
(B = 25') also shows a cnp variation which is similar to the trend lr model 2 (and
model 1). The level of the pressure drag coefficient of model 3 is higher. The gradient
of increase (Ptj/p <2) or decrease (ptj/p, -2 ) , that is dcDp/d(ptj/p,), is stee-
per. This is due to the influence of the jet sink whose intensity is greater for this
afterbody angle 3, see Fig. 9d. Contrary to models I and 2, the plume effect of the jet
does not become effective until ptj/p,% 2 .0.

5. EMPIRICAL EVALUATION AND COMPARISON

5.1 Jet spreading angle and entrainment velocity of the jet

The important parameters which have a decisive influence on the plume and entrainment
effects of the jet, and which therefore assume the function of boundary conditions when
setting up a theoretical method to compute the aerodynamic coefficients of afterbodies
subjected to jet influences, are summarized in this chapter from the experimental re-
sults in the form of closed polynomials. For the purpose of this study the following
functions:

jet spreading angleaL:

- £(Na,,pti/p, Tti/T) 0 70

= f( a, p /p., B) Tt /T, = 1,0
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gradient of mass flow increase of jet b':

b' = f(Ma., pti/p., Tti/T) 8 = 70

b' = f( a , ptj/p., s) Ttj/T - 1,0

have been established in this chapter for the investigated range of

0,0; 0,4 Ma, 0,7

1,0; 1,2 Ptj/p 2,4

1,0 < Ttj/T <2,86

7 °  f < 25 0

0 x/D < 12

JET SPREADING ANGLE C.

a- lMa..,pPTtjl. • f(Ma., Ptjlp..,P

I const. Ttj ITo a const.

k-2 ks2

5.1.1 E -aijk MUGoj(TtJl(TMj(PJ/kaI(B(Ptj/F (5.1.2)

k.O k.I k-2 ksO k-l k-2 kO k0 1 k.2 kzO kz1 k=2

i * -10.13 V1 -3.5951 ,23 -t7 5.593 I = 0 .4784 10,44 2,213 0,1927 -123

i-1 5.15 ,6 1.48 -6.63 5181 ,369 1 .I .635 .5,s 1,606 -1,0 0,878 "020

I = f (Moao. Ptj/p,.Ttj /T . ,I

GRADIENT OF MASS FLOW INCREASE OF JET

b'=f(M6,Ptj/p,Tt /T.) J = f,(MaPtp , I) i

13 const. Ttj / T= const.

j~k:2 
Ij=k2

(5.1.3) 10 l-3 E-- aijkl(Ma" )iM i (Ptj/P. )k  b1:lO3 _ aijk (Mace)i(Ttj /T.lOPtjlp")lk (5.1A/)

i = i= kz0 _ i=;-=k =

with aijk With aijk

j:O j:l j=2 j:O j:1 j: 2

k=zO k= I k= 2 k=O0 lk-1lk- k2 k= 0 kal k=2 k=Ojkct !1k-2 k=O jk= I Ik2 k= 0 k= I k= 2
i =0 7Q,91 .r : 1I,52 -)24,5 1118,9 426X 38,02'L3303 7,3291 i=-04-2.81 9.322-L2/1.654. 2188 -, 0114.1 10709B-,01953 :

2-J951 ",627 -2,107 -6 235 0,7311 -,3262 ,07661

=f( Maoptj/Poo, Ttj/Too S3)

If a, and b' are substituted into equation (4.1.6), this yields the velocity distribu-
tion of the jet sink wr* for all parameters.

W



g is a comparison between the jet spreading angles which were experimentally
determined and those of the interpolation polynomials.

Model 1
Interpolation formulae (5.1.1) and (5.1.2)

0 0 A V 4 Measurement W..

0

O1 0o Pl2po1 ? 1.89 I
TtijT., 1.0 M ,,

a, T11 T,-19d PtI 1~.89J8O
8~ 8p' J 6. 1

SI

t$c 0 6 5

06 07 O1

07 0.6

I 0

S 20 25 10 2 0t o 3 10 20 O 30

<1 J
-I. I .

Eq. (5.1 .1) Eq. (5.1 .2)

G0 0
Fig. 13: Jet spreading angle a as a function of:

a) the nozzle pressure ratio, b) the jet temperature ratio, c) the afterbody
angle; comparison between measurement and equations (5.1.1) and (5.1.2)

In Fig. 13a the jet spreading angle CL is plotted vs the nozzle pressure ratio pt-/p
and in Fig. 13b vs the jet temperature ratio Ttj/To, , both for various Mach numbers a ;
it was then compared with the calculated results of interpolation formulae (5.1.1). The
result shows a very good agreement.

The trivial case (X = 0 for Ma. = 0.0,
ptj/p = 1.0 and Ttj/To = 1.0 was not taken into
account for the determination of the interpola- Model 1
tion formulae in favour of a high accuracy of Ma ,-O.6
approximation in the remaining parameter varia- Tt IT. - 194
tions, (see chain line in Fig. 13a) 4

Fig. 13c shows the experimental results and I Ptj/poo.
the curves from equation (5.1.2) for the jet 5 . 0.06-
spreading agglea plotted vs the afterbody angle A 16 0 Measurement
8 with Ma, as a parameter. W 1896

When the equations (5.1.1) thru (5.1.4) are sub- 0) M 004 . .... .
stituted into equation (4.1.6) and when the Eq. (4.1.6)
quantities mjo and D as well as the density of Mi
the free stream p., are taken into account, then 0 4

."414 0.02-
equation (4.1.6) yields a general relation which 0 o
indicates the intensity of the jet entrainment ) >
velocity with downstream distance as a function r 4
of the parameters Ma., ptj/p., Ttj/T. and 0. M U
Fig. 14 gives a representative comparison bet- o 2 1 6 8 10D2
ween the curves calculated from equation (4.1.6) O xID
and the experimental results. The good agreement
between calculated and measured values is a re-
sult between the high accuracy required for the
determination of the empirical equations (5.1.1) Fig. 14: Non dimensional entrainment
to (5.1.4). velocity of the jet wr* /ujAJp

comparison between
measurement and equation
4.1.6 (UjAlat x/D - 1)

5.2 Afterbody Pressure Drag

The most important geometrical parameters of a rotationally symmetric afterbody are:
angle B, maximum diameter Do, basic diameter Db and length L. The definition of the
boattail geometric parameters X, = L/D0 (fineness ratio) and X2 - Db/DO (closure ratio)
enables a general graphic representation of the afterbody geometry to be made. From the
many results of this examination, the relationship between the pressure drag coefficient
and the afterbody geometry can be derived taking the jet parameters and the free stream
Mach number into consideration.
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In F. 15 the pressure drag coefficients cDp are plotted vs X 2 and 3 for
Ma = 0. 6, ptjp- 1.89 and Ttj/T, = 1.0.

The following relationship can be derived by means of the CDP values of models 2
and 3 and those of Ref. 38 ( X 2 = 0.415 = constant for all three models) and consi-
dering the natural boundary value CDp - 0 at X2 = 1 (d 8 = 0, cylindrical afterbody
in axial flow)

-DP ' C3 A1 (5.2.1)

Constant C3 has been approximated as a function of the flow and jet parameters.

C(3 " fcMa. ptj/p., Tt5/T)

in the form of

C3  (5.2.a)
(Ttj/T.)o (..

where

j.2
i=2

n "aij(Ma)i(tj/p.)J (5.2.1b)

and aij

0 1 2

0 0.0723585 -0.2341466 0.33113

1 0.0294628 0.0205799 -0.099855

2 -0.022101 0.0595517 -0.0371399

1 .S 0627 1661 0.IS OFVLR
CD 0.5 01,1i Re.t82 Cop

0."0- N 0.6. 1.0 0.51 Ref./[]3 0.08
0 , 1.51 0'1, --

O t.0,I.5,2.0 0.71 Ref.[A]

1.0 0, 
0 DFVLR

0.04A _ _ A Rfef &3]
t. .! --' D Ref (&&3]

a 0 Roft441

0.2 0. 06 0. X2 1.0 Ma. -0.6 to 20 30 pe 4o

- Eq. (5.2.1) Ptj/P - 1.89
eavoo Measurement Ttj/T, 1.0

Fig. 15: Pressure drag coefficient cDp as a function of the geometrical parameters k,
k2and the afterbody angle 1

From equation (5.2.1) and with respect to the relation tan B - (Do - Db)/2L it
follows that the coefficient of pressure drag is proportional to the afterbody angle B,
cwvB. This is illustrated in Fig. 15 and confirmed by the test results of Ref. 38

and 44

Equation (5.2.1) is not applicable to the case where Pti/P. - 1.0, i.e. jet-off case.
To be able to consider this case too, it is necessary to c rry out systematic investiga-
tions of the afterbody base pressure distribution.

Summarizing the results it will be noted that the pressure drag of a rotationally
symmetric afterbody of circular-arc shape provided with propulsion is proportional to
the afterbody angle B and that \2 is inversely proportional to ). The results show that
for minimum afterbody pressure drag coefficient the closure ratio should be X2 = 1.0
(cylindrical afterbody). If the afterbody is to be optimized as regards the total drag,
the friction drag WDF must be taken into account. For a short afterbody, small XI,
WDF is also small (WDF - 0 forXI = 0), it, however, assumes larger values in the
case of slim and long afterbodies. If, in addition to equation (5.2.1), an empirical
equation could be derived for the friction drag coefficient CDF in the form of



CDP = f ( XI , X2), then provided one of the two geometric parameters X1 , or X2 is
given the remaining geometric Parameter can be determined in such a way that

CDP + CDF = Minimum

In other words, the total afterbody drag coefficient is a minimum.
In this way, the optimum afterbody configuration with installed engine is defined

for the respective operational spectrum.

6. THEORETICAL EVALUATION AND COMPARISON

The afterbody pressure distribution was calculated by means of the finite-element
method and a potential-theoretical model set-up to simulate the jet effects. The results
concerning the afterbody pressure drag have been compared with the test results. The
potential-theoretical model entails that the plume effect of the jet is simulated by a
solid truncated cone whose aperture angle is the same as the jet spreading anglea, as
determined from equations (4.2.1) and (4.2.2), whereas the entrainment effect is
simulated by the entrainment velocity wr*, as determined from equation (4..6).

In the last measuring plane (x/D = 12), un equals u, of the respective translation
velocity.

Fig. 16 shows the positive x-r plane and the arrangement of the area in finite ele-
ments.

tunnel wall #--0 ,.U.-u

d model a
__-un- _--jet boundary

en rainment velcity spreading
assumed as nodal load angle CL

Db 3012£
----measured sink velocity

-integrated| distribution

Fig. 16: Potential flow model, finite-element arrangement, sink distribution for
rotationally symmetric jets

Because of the rotationally symmetric condition, calculations are made for one
radial plane only.

Triangular elements with constant velocity distribution have been selected. The
potential #e1x,r) in the elements is linearly approximated in x and r.

(e)

O(x,r) ' 01 + a2 X * 43 r (6.1)

le) The calculation by means of the finite-element method to determine the potential

* (x,r at the elements of the model surface has been described indetail in
Ref. 4 to 53 ; the description will therefore not be repeated here.

With the potential values in the nodes yield the velocity components in the element
for

(e) (e)

- axlr) Ur a(xr) (6.2)
ax ar

To obtain considerably improved results, the tangential velocity ut on the afterbody
contour has been determined according to Ref. 46 by the integration of the tangential
velocity along the sides of three adjoining elements,see Fig. 17c.

From the tangential velocity ut on the model surface, the pressure distribution cp
is calculated:

CP I - (u ) (6.2)

UJ
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Fig. 17: Partition into finite elements; boundary conditions

The boundary layer thickness has been determined from boundary layer measurements.

Fro, this, the displacement thickness Ci is determined for incompressible flow from

0

Aoo

displacement thickness in the form of the changed body contour, see Fig. 16b.
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arc shape liki the original model, with an exact boundary layer displacement thickness
only - the torward (x/L - 0) and aft end (x/L - 1) of the model. If boundary layer
measurements of higher accuracy were available, it would be possible to
determine the exact substitute contour by several boundary layer measurements along the
model surface and those would provide an even better agreement between the theoretical
and measured pressure distributions. It is, however, the main objective of the theore-
tical computations to demonstrate the feasibility of the jet simulation model using the
finite-element method. When comparing the theoretical results of the pressure distribu-.
tion at various free stream Mach numbers, as shown in Pig. 18b, with the experimental
results of Fig. 14a, the trend indicates a definite agreement between theory and
measurement.

Fig. 19 shows the theoretically and experimentally determined coefficient of pres-
sure drag cDp for pt/p. - 1.89 and Ttj/T m - 1.94 is plotted representatively for all
nozzle pressure and temperature ratios vs the Mach number Ma, . Without considering the
displacement thickness %1, the theoretical method yields negative cnp values. The mean
deviation of the values rom those determined by experiments is -133.6 %. Taking 8 1ik of
equation (6.3) into account the mean deviation of the theoretical value from the experi-
mental cDp value is +11.9 % when plotted vs the Mach number (Fig. 19a), +7.4 % when
plotted vs the jet temperature ratio Ttj/To (Fig. 19b) and 7.5 % when plotted vs the
nozzle pressure ratio Ptj/Pm (Fig. 19c). The result is a mean deviation of &cDp =
8.9 6 when plotted vs the parameters Ma6, ptj/pm and Ttj/Tm.

0006

(T2j 0T1 20Tj/Tw'.9 3 I 00.2 oc .. l .0.-o. t

_____T/T o

Model 1
61-0 .. .

MFE Theory; 81*0 Eq. (6.3)
f•q (6.4)--- -

Measurement 0

50 __ _

AcDP 23.0
0.06. ® '' e 0.

Ma - 0.5 0c~p r...) Eq.I6.+ )

0 
-5t 

-I._

002 Drag

-100Thrust

-1336-Iso-__ _

Fig. 19: Coefficient of pressure drag c p vs a) the free stream Mach number, b) the
nozzle pressure ratio, c) the jet temperature ratio; comparison between theory
and measurements, d) mean deviation in percent A-p between the experimental-
ly and theoretically determined coefficient of drag

Apart from the amount of deviation, the trends and variations of the pressure drag
coefficients when plotted vs. the three parameters agree very well thus proving that the
potential flow model as described in this chapter agrees quite well with the physical
phenomena.

If 81 is evaluated for compressible flow, equation (6.4) yields a 6.5 % thicker
displacement thickness:

I k I ik + 6.5 6.1k uk



The evaluation with 6 1k yields a higher pressure drag coefficient CDP as compared
with the theoretical value AcDP = 11.1 % calculated with 81 ik:

CDP k = CDP ik + 11.1 %.

The absolute mean deviation of all experimentally determined CDp values is now
AcDp= 23.0 %, see Fig. 19d.

An even better quantitative agreement between theory and test can certainly be ob-
tained on the one hand by more accurate boundary layer measurements, by the employment
of the finite-element method for compressible flows on the other hand by equations of a
higher order for the local approximation of the potential O(e) and by other element
forms and larger numbers of elements.

It was the objective of this study to describe the interaction of entrainment and
plume effects of the jet in terms of theory and thus to demonstrate the established
potential flow model. This has been confirmed by the results.

To demonstrate the jet effects tests on a typical combat aircraft model F-16 have
been carried out in the MBB water tunnel fig. 20 gives a qualitative survey over the jet
effects on the adjacent aircraft components and the environment for various jet velocity
ratios.

Uj U_ = 0

UJ U 2

Uj U = 6

lIJ U. 10

Uj U. = 20

Fig. 20: Jet simulation in the MBB water tunnel on F-16 model , jet spreading, plume
and entrainment effects of the engine jet.



7. CONCLUSIONS

It was the purpose of this study to find out the influence of entrainment and plume
effects of the jet on the afterbody pressure distribution and pressure drag by extensive
experimental testing. Based on the experimental results, the relationship between the
coefficient of pressure drag and, in a wider sense, between the pressure drag of rota-
tionally symmetric circular-arc afterbodies and their geometrical parameters in the
examined Mach number, jet pressure and jet temperature ranges has been determined. The
jet spreading angle and the jet entrainment velocity vertical to the jet boundary as a
function of the parameters in the investigated range have been covered in the form of
empirical formulae. In general, a potential flow model was set up which constitutes a
procedure to describe, by means of the finite-element method, the flow behaviour around
the afterbody taking into account the jet effect and thus enables the prediction of the
afterbody pressure drag to be made.

The following results have been obtained from the investigations:

The jet spreadin1 anleC. increases with increasing nozzle pressure ratio pt/p ,
temperature ratio Ttj/T. of the jet and with afterbody angle a. It is, however, educed
with increasing free stream Mach number Mae,. This behaviour is described by equations
(4.2.1) and (4.2.2).

The entrainment velocity wr* vertically to the jet boundary increases with the
nozzle pressure ratio ptj/pw and the afterbody angle B. Furthermore, it depends on the
jet temperature, i.e. the velocity increases as the jet temperature rises. However, it
decreases more rapidly in axial direction when the jet is heated than with a cold jet.
The entrainment velocity of the jet drops with increasing free stream Mach number.
Taking into account the equations (4.2.1) and (4.2.4), these relationships are given in
equation (4.1.6).

When the plume effect of the jet is simulated in the form of a solid truncated cone
with the semi apex angle being equal to the jet spreading angle O and with the entrain-
ment effect being assumed to be given by the entrainment velocity wr* vertically to the
jet boundary, the equations (4.1.6), (4.2.1) and (4.2.2) yield the boundary conditions
which the design engineer can use to make an allowance for the jet effect.

At lower free stream Mach numbers and smaller nozzle pressure ratios the flow around
the afterbody is affected mainly by the entrainment effect of the jet. A balance is
reached between the entrainment and plume effects of the jet when the nozzle pressure
ratio increases. From ptj/po > 2.4 upwards, the plume effect predominates, Ref. 42
The entrainment effect decreases as the free stream Mach number increases, the jet
affecting the environment by its plume effect. If the jet temperature rises, the
influence of the plume effect becomes greater although the sink intensity is higher.

The pressure drag coefficient cDp of rotationally symmetric afterbodies is propor-
tional to the afterbody angle 8 and closure ratio )2 = Db/DO and is inversely proportional
to fineness ratio A - L/D0 . In the case of a thermal-insulated model surface, the
engine jet heated by 5AO C yields a 15 % lower pressure drag coefficient as compared
with the value obtained with an unheated jet. Previous investigations without thermal
insulation of the model surface, Ref. 37 have yielded pressure drag coefficients which
were greater by approximately the same percentage. The design engineer can now derive
the afterbody pressure drag to be expected using equation (5.2.1). When establishing a
relationship with the frictional drag coefficient cDF in the same manner as for the
pressure drag coefficient CDP in equation (5.2.1), it is possible to determine an
optimum single-engine afterbody in respect of the total drag provided that CDp + CDF
- minimum.

The physical proposition of the model theory set up in this study of the simulation
ofthe teffects has been confirmed by the theoretical calculations. The discrepancies
cin silltbe reduced when the laws of compressible aerodynamics are applied, on the one
hand, and measuring techniques are used, on the other hand, which permit a complete
coverage of the flow events in such complex fields, thus yielding better boundary con-
ditions in terms of quality.

The finite-element method has proved to be a rather flexible and not very time-con-
suming procedure for the evaluation of flow problems.
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STRUCTURE AND DEVELOPMENT
OF TURBULENT JETS

by
J. Mathieu and G. Charnay

Laboratoire de M~canique des Fluides
de l'Ecole Centrale de Lyon
36, avenue Guy de Collongue

69130 Ecully - France

SUMMARY

This survey paper provides information on the behaviour and on the modelling of
turbulent jet flow. The essential ideas are discussed in connection with industrial and
aeronautical applications. After an introduction of the quasi-equilibrium state related
to the length and time scales, we analyze the coherent structures and spreading processes.
Specific topics are considered such as the intermittency in the axial region, the
characteristics of the production centers of the turbulent kinetic energy, the round and
plane jet, the acoustic properties with their interactions with the turbulent structure,
the initial conditions, and the phenomena in the stagnation region of an impinging jet.
A general review of modelling methods precedes examination of computations carried out
in physical space and of the large eddy simulation approach.

I. INTRODUCTION

The scientific and technical literature on jets is so abundant that it is pratically
impossible to present an exhaustive overview. There have been approximately 30 articles
published in the Journal of Fluid Mechanics on turbulent jets during the last two years.
Within the context of this meeting it will be important to discuss the essential ideas,
to specify the points that merit further development and if possible to relate this to
industrial applications.

The practical applications of jets are numerous ; only the most evident will be
cited. The hot jet with a high turbine nozzle velocity can be considered from an
aerodynamic point of view but should be especially considered from an acoustic point of
view. Systems with complex geometries are often employed. For example, turbines in civil
aviation with double "flux" are used because of their relative quietness for a given
thrust. Jet-engines for vertical take off and for short take off require study of the
jet-wall interaction. The induced speed by the jet in the region near aircraft wings
also needs to be considered. The problems concerning cooling of turbine blades downstream
of the combustion chamber need to be investigated for various configurations. The injec-
tion of the cooling air transverse to the wall requires the examination of a jet transverse
to a flow. These turbine applications include the problems of multi-jets. The largest part
of industrial combustion operations have to do with diffusion phenomena. The classic burner
is essentially a jet which must provide good mixing between combustants and air. The dis-
tribution of the stochiometric surface approximately determines the position of the flame.
Often the burner operates in the interior of a small volume which complicates the initial
problems with recirculation zones.

On could multiply the examples ; perhaps it is most important to consider the various
complex geometries confronting the engineer, which, without doubt, have not been extensively
studied.

2. CLASSICAL 8EHAVIOUR OF FREE FLOWS

2.1. The_gu§eguilibrium state

Let us consider a free jet impinging normally on a flat plate, the overall behaviour
of this flow is illustrated in the definition sketch (fig. 1). In this rather complex
case we can identify three regions

The first zone corresponds to a mixing layer (ref. 1- 7 and fig. 2).

The second one is related to a classical free jet (ref. 8- 17 and fig. 3).

The third one exhibits all the characteristics of a wall jet (ref. 18- 24 and fig. 4).

Restricted areas are incorporated between two successive zones. In the mixing region
a potential core can be identified. In this core the mean velocity is not altered by the
turbulent diffusion process, and it does not extend further than X1 /do = 5 downstream from
the nozzle exit. As far as only the mean velocity profiles are concerned, the jet region
can be detected further than XI/d o = 10. If the jet is 2 6 in width at the last section
where aerodynamic properties are not disturbed by the flat plate, a quasi equilibrium
state for the wall jet can be found further than 4 = 4, with the origin of the axis
taken at the impinging point (25). If all the properties of the flow, such as the turbulent
characteristics, are considered in order to define a quasi equilibrium state, the previous
values should be multiplied by a factor of about two (26).
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Disregarding mathematical simplifications which can be introduced whece equilibrium
states are concerned, these states can be considered as the asymptotic behaviour of flows
(laminar or turbulent) which develop in a defined environment ; they have clearly been
identified in the previous sketches. With the developments of modelling methods in the
last decade, transitional zones can be treated except for very specific properties such
as the entrainment rate.

At first we can recall what are the characteristic properties of these equilibrium
flows. For detailed information many authors are referenced here (mixing layers (27, 28,
29), free jets (8, 9, 30, 31, 32), wall jets (18, 21, 33) but an extensive uverview of
these problems has been given by Townsend (34).

For the case under consideration the turbulent flow develops along the two axes but
we can imagine more complex configurations such as two or three dimensional turbulent
jets in cross flows and the jet centerline (which may be defined as the locus of the
momentum centers of cross sections) defines a curved axis of coordinates "s". With
confined jets recirculation phenomena take place and the momentum equations must be
considered in a general form

au i + Ui 1 _m + 2
Ui

a T j ax. - a ax2

DU.
axj

The pressure term is connected with the whole velocity field

1pA = a [UiUj]

In this general form the problem is very complicated even though computing methods
are available to treat the Navier-Stokes equations through adequate numerical schemes.
The turbulent scales being much larger than the characteristic scales of the molecular
interactions responsible for the viscosity, the Navier-Stokes equations may be used for
any turbulent structures to be considered. The instantaneous properties of the flow Ui
and P can be split into two : their mean and fluctuating parts

Ui = i 
+ 

ui

P =P+p

which emphasizes the role played by both mean and turbulent motions. Turbulence properties
can only be accounted for in complex configurations in an unsophisticated way. For the
three flow patterns (mixing zone, jet, and wall jet) boundary layer assumptions may be
introduced (appendix 1) so that the momentum equation becomes

--- I + x - i aM- + D (T,,)
at + iax 1  ax2 P aX2 ax2

with T12 uu + a P = 03X2 TX2

It is supplemented by the continuity equation which can be written for the mean flow as

DU+ 3U = 0ax, ax

With this approximation, the pressure is a defined quantity ; at a given station it
is the same inside as outside the turbulent zone. Accordingly the relation, which exists,
between both the pressure field and the velocity distribution through Poisson's equation
is not required to treat the problem. As for the stress, the shear stresses prevail over
the normal stresses so that we can take

a - << a -2ax1  ax u2

Boundary layer assumptions having been introduced, a quasi-equilibrium state now may
be characterized in a simple way. By proper scaling any properties of the fluid should
satisfactorily be represented irrespective of the station considered. Thus time and length
scales or length and velocity scales must be introduced. Where mean velocity and shear
stress are concerned this leads to

Uanx[X ] --z (X,
and -T.- g[-X'!]-
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If such a representation is successfull a complete description of the aerodynamic
field also requires,.additional information about the longitudinal evolution of the two
scales U:(X,) and X7(Xi). Moreover by using the same parameters one should also be able
to satisfactorily correlate turbulent results for a given flow pattern irrespective of
the station considered. However several authors have criticized so large an extension of
the concept of the quasi-equilibrium state even for the case of a free jet (1). For these
researchers, the enlarged form of this concept is principally accepted because of its
mathematical consequences : the flexibility of treating the problem through ordinary
differential equations.

In fact, this concept would be completely valid if the behaviour of the phenomena
was controlled by two mechanisms whose scales are sufficiently different from one another.
If such a separation exists the micro-mechanism can be considered as instantaneously
adjustable to the macro-mechanism, and thus, at any time, the micro-mechanism is in an
equilibrium state. If we conjecture that the turbulence field is composed of two classes
of structures exhibiting two different characteristic times, the first one related to
the range of structures which contribute to the turbulent kinetic energy and the second
one related to the spreading of the jet, the former's characteristic times should
rigourously be in an equilibrium state. This situation is not supported by experimental
investigations, however. Turbulence spectra are continuous (t), so that the structures
which significantly contribute to the components of the Reynolds stress tensor are not
drastically different from those which control the spreading of the jet although a
typical role can preferentially be assigned to each range of the spectrum. We can con-
jecture that the largest eddies are specially responsible for the spreading of the jet.
If so, the largest structures should be suspected no to be in an equilibrium state (tt).
From this point of view the evolution of the intermittency factor should be very
significant (ttf). The intermittency factor may be considered as a convenient parameter
to specify the evolution of these largest structures, using the same scaling U:: and X::.
It is shown in figure 5, that the intermittency profile is dependent on the section
considered ; as we go downstream the indentations of the moving frontiers grow more
rapidly than the characteristic width of the jet X1 so that the flow tends to evolue
into turbulent puffs separated from each other (24, 36). These large structures contri-
bute only for a small amount to the components of the Reynolds stress tensor ; on the
contrary the contribution of the mean structures to the Reynolds stresses is determinant
so that an equilibrium state may be supposed. However, from very accurate comparisons
of the dimensionless profile, a slight evolution can even be detected (19 and fig. 6).

From a fundamental point of view the equilibrium state assumption cannot be supported
for patterns of flows exhibiting two regions. In a restricted area the turbulent eddies
are directly subjected to the action of viscosity, whereas in most extended zones this
action is restricted to the smallest structures responsible for the dissipation (18).

The turbulent behaviour of a free jet has been considered for a long while as a
rather simple case. As a general rule, symmetrical flows have not seemed very complex.
This opinion was partially supported by primitive assumptions based on an assumed local
relation between the velocity fluctuation correlation and the mean velocity gradient at
a given point through an eddy viscosity coefficient vT .

ulu (X,t) 2 'T(,t) 3(t)

In fact, turbulence structures are unable to adapt themselves to local gradients
at any point, although for a weak evolution of the mean flow this phenomenon can be
ignored in a rough estimate. Anyway, a coherent theory has to introduce the memory
of the turbulence structures which may be adequately represented by the second order

-----------------------------------------------------------------------------------------

(T) Except for very a typical circumstances which are encountered in meteorological
problems but even in this case discussion is open.

(±t) A fact which has also been emphasized for isotropic turbulence by Comte-Bellot and ,
Corrsin (35).

(±tt) The intermittency phenomenum has been first detected by Corrsin (30) at the edge
of a turbulent zone. In this form, this concept characterizes the indentations of
the turbulent zone, at a fixed point ; it is defined as the ratio of the time when
the turbulent field intersects a sensing device, to the total time. This concept
can easily be enlarged. If a typical event has to be emphasized, it can be useful
to characterize its extension in time by means of a similar ratio (38). This event
develops in a surrounding field whose properties must be detected at the appropriated
times ; accordingly this selection method directly leads to conditional averages (53).
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moments (M). The rate equation for the turbulent kinetic energy is written

3-2+ U, aci 2 /2 DUI~a +,(12S. 7

Iax 1  aX2  UlU 2 aX2 +X [72P 2

In its contracted form the evolution of the Reynolds stress tensor can be easily
interpreted : the turbulent kinetic energy is advected by the mean field, it is fed from
an interaction between the shear stress and the mean velocity gradient, and it is
dissipated by viscosity acting on small structures. Pressure and velocity fluctuations
are responsible for turbulent diffusion. This equation displays the existence of production
centers whose roles have been clarified (20, 37). For a free jet two turbulent centers feed
the fluctuating flow with energy, they are approximately located at the inflexion points
of the mean velocity profile. If only the energy production is considered, the region closed
to the axis of the jet is not active ; it is fed with energy from the two symmetrical
centers, with diffusion terms playing a determinant role. For lack of local production
the amount of energy on the axis of the jet is slightly smaller than at the two inflexion
points (28,30 and fig. 7), a fact which is reinforced where two dimensional jets are
concerned. Turbulent structures issued from A and B interfere on the axis (a similar
mechanism also exists in pipe flows, 38, 39). These structures can be identified by using
an electronic gate which is triggered by the sign of u2. On the axis successive events
marked by the sign of uIu 2 can also be detected (40). A statistical balance leads to
ulu2 = 0. During these periods of activity a significant contribution is brought to the
shear stress uIu 2 ; between these periods no important contribution to uJu 2 is detected
a fact which can be a consequence of the age of the structures under consideration (for
old structures successively subjected to mean velocity gradients opposite in sign a
statistical balance operates). On the other hand we can conjecture that more or less
extended areas exist within turbulent fields similar to those encountered in wakes (the
velocity of coherent structures travelling inside the flow may be different from the
local velocity ; this relative speed could induce a wake pattern).

In fact, mixing zones are not so complex because they are fed from a unique turbulent
center. The transverse position of these mixing zones cannot be deduced from symmetry
arguments, the momentum equation must be applied with respect to the axis X, and X2 . For
the X2 component all the terms are of an order of magnitude c, so boundary conditions
have to be introduced very carefully (28 and fig. 8).

Wall jets exhibit strong asymmetrical behaviour due to the boundary conditions. In
the wall region viscosity plays a direct role in the velocity distribution. Owing to the
presence of the wall the large structure are limited in extent ; on the other hand, their
dynamic behaviour is hampered by a fine grained turbulence located in the wall region.
Wall jets have be en thoroughly investigated and complex geometries have been examined
(plane wall jet, concave and convex wall jets, jets with tailored walls) (18, 33, 41,
42, 43). Comparison made between the mean velocity profile and the shear stress profile
invalidates a first gradient assumption ; in fact, a displacement between the zeroes of
the gradient of the mean velocity and the shear stress term has been observed (tt). Twenty
years ago it was conjectured that such a displacement is the consequence of the turbulence
memory (18) and an accurate explanation was given more than ten years ago (37) which
underlines the memory effect in connection with the role played by advective terms.
Prediction models given by Launder (44) supported by Lumley (45) and by Jeandel (46) are
consistant with these findings. The energy budget also brings to light the strong
asymmetry of the flow. Two turbulent centers exist but a large amount of energy originates

from the jet production center (Pjet = 15, fig. 9) so that the wall region is significantly
altered farther than X 50. This action of the jet region is appreciable even
close to the wall. The Vconnection between the skin friction coefficient and the Reynolds
number R6 = UML (fig. 4) is slightly modify

V

Cf R 6 0,1

and the dependence between Cf and R6 is somewhat smaller than in the case of a boundary
layer along a flate plate (47).

The role played by the shape of the wall on the overall properties of the flow such
as the spreading of the jet or the intermittency factor must be underlined (28, 41, 48
and fig. 10). These comparisons display the influence of large structures whose dynamic
behaviour could probably be connected with quasi-linear theories of hydrodynamic
stability (49, 50). These eddies, of course, do not participate in the quasi equilibrium
state, their characteristic times being of the same order of magnitude as the spreading
of the jet which is under their control. The complex shape of the turbulent frontier, in
particular the size of the indentations of this frontier, does not determine the capability

(M) The dynamic behaviour or any turbulent structure is controled by the Navier-Stokes
equation. Introducing the usual splitting into a mean field and a fluctuating field,
information is extracted from the basic equation by averaging. An hierarchy of moments
about mean values is introduced, and partial differential equations govern their evo-
lutions which can also be interpreted in functional form.

(tt) This situation has been observed in most turbulent shear flows in which there exists
an asymmetry in the mean profile. If this effect becomes significantly large the
turbulent production will be negative.
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of a flow for entrainment. The engulfing mechanism is linked to the dynamic properties
of the flow in a more intricate way ; however, a dependance can be pointed out where
similar flow patterns are considered (37). The engulfment of external fluid by the
turbulent flow and its contamination by turbulence through a "nibbling" process is not
yet understood and one can regret that the effort made during the last decade (2, 28,
51 - 55) have somewhat receded. All these attempts have not been successfull in spite
of more and more sophisticated means of investigation, and the spreading of the initial
turbulent region remains one of the most challenging problem for scientists and engineers.

2.2. §9m_ ypIS4_RE2Itn

2.2.1. Coherent structures andthe_spreadin _Eprcess.

In the last section general properties of free flows such as mixing zone free jets
and wall jets have been examined. From an overall view of the technical literature we
can conclude that two dimensional and round jets have been extensively investigated at
a given stage of their development. In such circumstances the flow perperties may be
precisely defined and are independent of initial conditions.

In the mixing zone, close to the exit nozzle, several researchers have detected
coherent structures. This fact has led them to fundamentally reexamine the problem of
the turbulence. In their opinion a turbulent field is not so randomized as had previously
been imagined ; its behaviour is more or less dominated by large organized structures. In
fact, however, these conclusions have been extracted from particular situations (56), and
a more general review of this problem exhibits some real difficulties. Investigators
operate in a large range of Reynolds numbers, starting conditions are often unknown and
it is often difficult to detect the nature of the initial boundary layer (laminar or
turbulent). In any case, the existence of coherent structures cannot be denied and
the industrial importance of the flow in the region close to the exit where these
structures are most clearly seen is evident (jet engines, ground effects for vertical
take off and landing (VTOL) or for short take off and landing (STOL), burners...),
therefore it would be very usefull to analyze investigations dealing with this problem
especially examining some relevant experimental situations such as

- the Reynolds number at the exit nozzle

the nature and the thikness of the initial boundary layer

- the turbulence level at the starting section ;

the spectrum in the free flow at the exit nozzle in order to detect typical
frequencies in connection with the facility drawing.

We present information, previously quoted in Madrid conference (56), which emphasizes
the large range of investigations even though the Reynolds number is choosen as a unique
parameter :

Location of the test
Kinds of flows Reynolds number section with respect

to the starting section

Jet (round and plane). Uod/y = 300 to 300 000 15 to 100 d
0

Mixing zone of jet with U d/Y = 100 to 370 000 0 to 16 d
or without excitation. 0 0

Where asymptotic behaviour is concerned the turbulent characteristics of the flow
must be independant of initial conditions, a situation which is extremely difficult to
manage for mixing zones. Recent works (57 -60) e/amine the role played by the initial
condition. If we admit that mixing zones are very sensitive to any external disturbances,
the nature (laminar or turbulent) of the starting flow should be taken into account.

For lack of a general theory we must examine the development of coherent structures
in different types of flows. At first, the geometry of the flow plays a role. For example
Sunyach (28) has shown that the turbulence spectrum in a round jet exhibits a peak which
reveals the existence of ordered structures, but this peak is nut so apparent in a plane
jet. By using hot wire rakes these large structures can also be detected. A circular
geometry certainly reinforces the existence of stable toroidal structures the existence
of which can easily be emphasized, especially using a Lagrangian frame. Acoustical
disturbances (61) may also reinforce and control this phenomenon. An attempt has been
made by the constructors to initiate a spanwise break up of these rolling structures and
thus the nozzle exit of jet engines can exhibit a complex shape. With regard to the
entrainment process, information is given by the transfer terms weighted by an intermittency
factor. These equations have been derived by Dopazo (54). Estimation of these transfer
terms by measurements carried out inside or outside the frontier are consistent with each
other, for a wall jet, it has been made by Alcaraz (24 and fig. 11). However for purposes
of this review it will be impossible to examine all the details ; we must concentrate on
the most enlightening features.
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Typical contributions to the problem of coherent structures presented at Southampton
(March 1974) have been excellently reviewed by POAL Davies and AJ Yule (62). A more recent
synthesis has been made by J. Mathieu and G. Charnay in Madrid (56). A general definition
of coherent structures has been proposed by Yule : "Large eddies which may be repetitive
in structure, remain coherent for significant downstream distances and which may be quasi-
deterministic with birth-life-death cycles" (15). The existence of organized structures
has been suspected as early as 1948. Dryden wrote "It is necessary to separate the random
processes from the random elements", and many scientists have taken a great interest in
this sort of investigations (63, 64, 65, ...). One should notice that most of this work
for mixing zones has been carried out at moderate Reynolds numbers, the detection of
coherent structure becoming more and more difficult as the velocity increases. In spite
of some evidence the problem is open to debate. For instance, Bradshaw (66) concluded
that "Experiments in plane mixing layers and the foregoing review of recent papers suggest
that the two dimensional vortex-roll disturbances arise in the transition region and
would appear only in plane mixing layers with laminar boundary layers at the nozzle exit
and low turbulence in the external flow". This opinion agrees with the received view that
mixing layers become unstable, at very low values of the Reynolds number based on local
thickness, to two dimensional or axisymmetric disturbances. Accordingly these vortex
rolls could be some sequels of linear transition instabilities.

However, the two dimensional "vortex roll" disturbances which are the eigenmodes of
instability of a laminar mixing layer would become persistent under typical circumstances.
These disturbances could grow and pair once, twice or even more often before apprec.able
three dimensionality appears. From a spectral analysis the pairing process could be consi-
dered as a reverse cascade, small structures being capable of becoming large structures.
Anyway, this kind of mechanism can be detected even where homogeneous flows are concerned.
With a view of a best understanding of the phenomena, the role played by the quoted
parameters should be brought to light ; for example, we may easily understand how
important the influence of fine grained turbulence acting as an additional viscosity
could be ; it could be capable inhibiting the two dimensional instabilities from breaking
up.

At this time the discussion is not supported by accurate enough experimental inves-
tigations which include all the parameters, so that it is not possible to give final
conclusions about the role and importance of these structures. To a large extent, the
answer depends on the definition which is accepted for turbulence. If we admit that
turbulence is typically a three dimensional phenomenum including also a stretching
process of the vortex lines by the velocity field itself, structures like vortex-rolls
whose axes are perpendicular to the velocity are not concerned. This stretching mechanism
is controled by the Helmholtz equation

i ai aUi 32Ei

7 -t~ ~ ~ + xia + X 2a

For two dimensional fields E. - is null. The evolution of &i is determined by a
balance between advective and ] j diffusive terms only.

Even though we adopt this restrictive definition the presence of more complex
ordered structures is not eliminated. The new basic problem still remains that of how
typical structures could be selected and reinforced. Except for the isotropic turbulence
which is only subjected to its own influence, most flow patterns are subjected to
external forces the role of which can be more or less predominant. Disregarding initial
conditions which could generate, under typical circumstances, turbulent structures
directly marked by transitional modes, we must wonder whether the final state of a
turbulent flow is still dominated by large organized structures. Coriolis, buoyancy or
acoustical forces can also influence the development of turbulent fields (67, 68, 69, 61).
It is even known that driving forces generated by the rotation of the frame can increase
so much as to cancel randomizing effects. The action of a mean velocity gradient on a
turbulent field is perhaps not so effective as the previous effects but it is the only
mechanism capable of orienting turbulent structures during all the final stages of the
flow development through the typical role of the stretching process (37). As a first
simple case for consideration we can start with a basic model of an homogeneous shear
flow. Except for the role played by initial conditions (70, 71, 72), it retains some
of the main features encountered in mixing zones, jets and so on. Frontier effects are
eliminated, but the turbulent field can be subjected to very strong external influences
since the mean velocity gradient is not generated by the development of the turbulence
field itself but is imposed from external boundary conditions. However, we can conjecture
that the development of large eddies is subjected to a selection mechanism. Eddies, the
axis of which coincide with that of the stretching of the main flow, will be tracked and
strongly amplified (t) (71 and fig. 12). Gence examined how much the turbulence is
dependant on the relative position of principal axes of the strain with respect to those
of the Reynolds stress tensor. In the case under consideration, the angle a which
characterizes the relative position of these axes can be adjusted experimentally. A
reversed energy cascade can occur for suitable values of a ; and such "pathological
cases" have experimentally been detected (73, 74). Where shear effects exit, straining
and rotating processes are mingled, so that the behaviour of turbulent structures is
somewhat difficult to determine. Accounting the foregoing results it is possible to
qualitatively combine a rotation of the straining axis with a rotation of the frame ; the
relative position of the principal axes of the Reynolds stress tensor with respect to the
principal axes of the straining process (associated with the mean velocity field) can be
qualitatively predicted.

(t) On the contrary, the intensity of eddies whose axes coincide with the contraction axes
strongly decreases.
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In all practical cases, the turbulent field is limited in extent. Surrounding regions
are contaminated by the turbulent flow in a very complex way. The previous considerations
have to be supplemented by a most challenging problem which concerns the entrainment
process. At first, we must remark that it cannot be easily understood from a global
analysis of the Reynolds stress tensor. Irrespective of the mechanical behaviour of the
phenomena, computing methods use a matching process. Outside turbulent zones we can
assume

a~i 13P
ax1  0 DXI

whereas just inside turbulent areas we write

-3_Ui L LULL 1 a3 a T
x1  ax - 3x1  ax2

Accounting for the order of magnitude of these quantities, it is found that

Accordingly, the rate equations for the tensor components u u are supplemented
with the previous conditions given at the limiting value X2 = 6.' 3 (t)

With modeling methods delicate adjustments are made according to the shape of the
jet (two dimensional jets or circular jets). This difficulty can asily be understood
from these remarks. In section III, the flexibility of modelling methods will be
reexamined briefly.

2.2.2. Some industrial consequences.

Where multi-jets are concerned the entrainment process becomes predominant. The
stability of the system is rather poor and is probably controled by many types of
entrainment processes and the jets tend to coalesce. Experimental investigations are
difficult and rare (ref. 75- 78) and prediction methods collapse. Flapping phenomena
have also been detected (ref. 79).

The sensitivity of the flow, at the exit of the nozzle, to disturbances have been
brought to light by using periodic sources located, for instance, in the settling
chamber of a wind tunnel (61). We must also point out some recent findings related
to the dynamics of an impinging jet (80). An impinging jet can be viewed as a synthesis
of diverse flow patterns, namely a mixing zone, a free turbulent jet, a stagnation
region surrounded by an area within strong streamline curvature which generates severe
vortex stretching (81), Kestin and Mader), and finally a wall jet. Recently some
researchers have detected a feedback phenomenon which underlines the sensitivity of the
upstream flow to small disturbances. In a high-speed subsonic jet impinging on a flat
plate, the surface pressure fluctuations exhibit a broad spectrum owing to the turbulent
nature of the high Reynolds number jet. These pressure fluctuations suddenly change their
pattern into almost periodic waves if the plate is placed close to the nozzle (X /do < 7.5).
Experimental data support the hypothesis that a feedback mechanism is responsibl 0

for the sudden change observed in the pressure fluctuations at the onset of resonance.
One can conjecture that the feedback loop is associated with two mechanisms ; the
downstream convected coherent structures and an upstream propagation pressure wave (like
acoustic waves) generated by the impingement of the coherent structures on the plate. The
upstream propagating waves are phase locked at the nozzle exit. For convenient conditions,
these upstream propagating waves excite the thin layer near the nozzle lip and reinforce
them. Thereby an instability process occurs which at least depends on the convection speed
of coherent structures, the speed of the upstream propagating waves and the distance
between the nozzle and the plate. This "collective interaction" is roughly described
in the figure 13. We must remark that "the shear layer oscillating at a frequency much
lower than its intrinsic unstable frequency undergoes a collective interaction in which
many small vortices merge together to form a large coherent structure". The capability
of a non-linear system in generating upper as well as lower frequencies with respect to
a forcing frequency probably occurs through a somewhat more complex mechanism than the
one proposed in the previous sketch. As the resonance is detected, the shear layer rapidly
grows within a short distance of the nozzle. In this research the plate was placed perpen-
dicularly .o the axis of the jet. What happens for inclined plates (82) ? Is the resonance
as sharp or is a larger range of frequencies concerned in the foregoing phenomenon ?

The role played by coherent structures in the spreading of the jet has been discussed.
The turbulent mixing of a circular jet in cross flow is also of significant importance
in emphasizing the role of deterministic structures on the development of the jet. This

(t) Through an averaging process and accounting for second order moments only information
are most compressed, so that phenomena linked to the entrainment are partially
oblitered.
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configuration has been analyzed in several papers (83- 87) and prediction methods have
been developed. In order to reduce the computing time typical integral methods have
been introduced based on two integral momentum equations. Where a plane jet is concerned
mean vortex lines are normal to the direction of the mean flow (profile A) and no
stretching process can take place where the mean flow is concerned only. With a circular
jet a pair of vortices are generated through a stretching process of the initial vortex
lines which coalesce (fig. 14.a) ; in fact, for the transverse profile B, the mean
vortex lines and the mean velocity are colinear. The development of jet cross sections
downstream along its centre-line are shown in figure 14.b. The phenomenum is not
fundamentally different from the passage flow within a blade cascade. An explanation can
be given starting from the vortex lines : a component in the streamline direction appears
as the jet flow is bent. It is also possible to explain these deterministic structures
accounting for small transverse inhomogeneities of the pressure field linked to the
curvature of the streamlines. Scientists who are dealing with this problem have to
consider a typical entrainment rate equation. The spreading of the jet is determined as
the linear combination of a modified straight jet entrainment and the entrainment by a
vortex pair and the problems of similarity and cross section shape in the curved jet has
to be associated with entrainment. The role played by the mean and turbulent characteristics
of the cross flow should also be examined. Where cooling effects of turbine blades are
concerned the dynamic properties of the jet must be considered in connection with the
overall aerodynamic field within the passage. The induced vorticity determines a pressure
field with a low pressure region which could engulf the coalescent jets.

Two industrial consequences of specific development of jet flows have been underlined,
namely coupling mechanisms for impinging jets and typical entraiiment process for turbulent
jet in cross flow. The noise generation of jets is also to be considered, taking into
account the foregoing mechanisms.

The location of noise sources can be obtained through causality methods (to this end
correlations between source terms in Lighthill's theory and the acoustic pressure in the
far field are detected) or more recently by means of purely acoustical methods (reflecting
telescope, elliptic mirror). From these investigations the role played by the aerodynamic
field just downstream of the exit nozzle (88, 89, 90) should be predominant. When structures
like rolling vortices exist, "vortex pairing" could be responsible for a large part of the
noise generation (88). So far, this assumption which is utterly plausible has not yet been
demonstrated. In fact,

The jet noise does not significantly exceed the exit noise except for high speed
jets, but in this situation the "pairing vortex" is not clearly detected.

• Investigations carried out at several points by means of a hot wire anemometer can
disturb acoustical fields.

However Laufer's assumption is supported by several arguments

- The acoustical field originating from a fixed point within the jet is discontinuous
periods of intense activity alternate with silent periods.

- Excitation tends to reinforce a phenomenon similar to "pairing" which can be
detected in the potential core by a subharmonic component in the spectrum. A theoretical
analysis of this phenomenon has been presented by Kelly (91) who explains at first the
linear development of the fundamental disturbance. For a given threshold the perturbation
interacts with the mean field. Small disturbances imbedded in the flow are subjected to a
parametric amplification which exhibits a resonance for a subharmonic value of the
fundamental tone. Moreover it seems that such a mechanism can be detected in all the kinds
of jet flows (92, 93, 94) ; this general feature also supports this explanation.

However, this theory fails to explain the development of the broad range noise. We
can suspect that the underlying turbulence acts on the amplitude and the phase of the
generated noise through a scattering process ; the noise generation by a break-up process
of these organized structures can also be conjectured.

3. MODELLING METHODS

3.1. General view

We do not intend to give an overview of predictive methods which are to be treated
in next section. Moreover an overall survey has been presented at several congresses and
meetings (95, 96). Disregarding numerical simulations of the Reynolds equations with a
view to predicting the overall turbulence field (t), we can classify these modelling
methods into four groups. The first group examines the turbulence properties working in
physical space ; a spectral equilibrium is implicitly assumed. For the second one an
attempt is made to predict the role of the structures as a function of their sizes. For
the third group a typical splitting of the field is proposed ; large structures of the

(t) This method requires very large computing time, it has extensively been developed for
isotropic flow at moderate turbulent Reynolds numbers. The simulation of the smallest
scales of turbulence determines the net sizes.
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turbulence are treated in a deterministic way, the influence of the si...llest ones being
treated with a statis*-cal approach. We must also mention probabilistic approaches which
deal with a probability density function. This method is especially effective when some
properties of the turbulent field (for example the concentration of chemical species
with chemical reaction) do not follow a normal law. This method, currently being developed,
is not sufficiently supported by mathematical developments and experimental data.

Only the first and the third methods will be further discussed they have close
connection with our problem.

3.2. Modelling methods carried out inphysicals1ace

These methods assume a spectral equilibrium roughly characterized by the capability
o' defining three classes of turbulence structures. The largest eddies are strongly marked
by the mean flow, feeding with energy the inertial range which is dominated by a constant
energy flux travelling from the largest structures to the smallest ones. In this range of
the spectrum the action of viscosity is supposed to be negligible ; as for the third part
of the spectrum it is dominated by viscous effects which transform the mechanical energy
of these fine grained structures into heat. Accordingly all the parts of the spectrum are
linked to each other through this energy flux which is not altered within the inertial
range. Turbulence characteristics are also defined by a simple scaling, the macloscales
and the microscales being connected with each other through the turbulence Reynolds number.
The amount of dissipative energy results from interactions between the mean field and
turbulence structures responsible for uIu 2 . The smallest structures have to be adapted
in order to dissipate an energy flux whose amount is fixed by larger structures.

With this method we essentially have to predict the evolution of both the mean
field Ui, P and the Reynolds stress components (M).

In fact this method which starts from correlations at a unique point does not fix
the turbulence scaling, therefore the previous equations must be supplemented by the rate
equation for C or q2L (46, 98). Where boundary layers assumptions are valid one must
consider a differential system for the five components U, U2 , q

2 , uu2 and T. For a steady
and hcmogeneous shear flow, they are

alll ~ alll _ P - DUIU,
ax, ax2  0 aX1  aX2

ax1 + au=2aX, DX2

3q'~/2 + - Q/2 Ua a - _U1  27, +-LIUZ+ 1+ax, aX2  3X2 2 [ U

- UIU 2 +'. 3"-- U

+Xi aX2  3X 2 2 aX2 +Xa

ax ax u u1 ai 2
2a2ui a2u i

axi X2 ai M2ax kax kax J axk ax~ ax kax~

The role played by the pressure is complex ; it is a consequence of linear and non-
linear effects. The correlation term uIu 2 grows up as both the mean velocity gradient and
the transverse velocity fluctuations increase ; it is refrained by the rate of strain
pressure correlation as seen in figure 15 (37).

The inhomogeneity of the field is taken into account by additional terms which are
roughly evaluated. Where spreading flows are concerned, the entrainment process is not
determined by the previous system. For lack of information other considerations are
required. At the present time the treatment of both weak or strong inhomogenity and
entrainment processes are in progress.

3.3. L§9eedy simulation approach

If the largest structures are responsible for the rate of entrainment we cannot
expect a fundamental improvement from methods which globally consider the fluctuating
motions about the mean motion ; in other words, the usual splitting into mean and
turbulent flow Ui = Ui + ui may not be very adequate.

(%) In a first attempt introduced by Bradshaw (97) unique information has been used with
the contraction q - Z uiu for i = j and a simple connection between q2 and uIu has
been conjectured for a spegific pattern of flow.



If the largest eddies are considered as deterministic structures substantial
improvements might be made. The history of these structures should be considered in
a Lagrangian frame and their entrainment capability might be reexamined through both
an engulfing and a nibbling process. The method is briefly recalled.

Leonard (99) separates the velocity field Ui( ,t) into a grid scale component ui(xt)
and a subgrid component ui,(X,t) by using a weighing function G(X/X')

Oi(X,t) = I G[X/X'] Ui(X',t)d'

Ui = ai + u'i ; I G[X/X']dx' = 1

The filtering operation is of course different from an averaging process which has
a statistical meaning. A filtered quantity has to be considered as a typical event which
can occur under any circumstances. This event, when it happens, develops in an environment
the properties of which have to be considered in connection with the existence of the
principal event. This should lead to conditional samplings supplemented by averaging
operations.

If the physical properties of the fluid are constant the result of filtering the
Navier-Stokes equation is

ai +a uu -

a-t ax. uuj ax i

This equation is supplemented by the continuity equation:

ax.

For the advection term it is found that

uiu j = 1 ui uj + u'iu. + uiu'l + U.'.iU

By using a series expansion it is found that:

a a-- a 2 aaxiu. = ax [uiuj] + - I - - uiuj]
x-i i i Xj [y axk aaxk

The Leonard term can be written

Lij = uiu. - uiu.

The product of filtered quantities is considered with or without additional filtering.

The "cross term"

C = Giu + u 'i j
ij = j u i

represents interactions between the residual field and the filtered field. "A priori" this
sort of interaction should not be located in spectral space.

On the other hand, the subgrid Reynolds tensor Ri. = u u emphasizes the role of
small structures only. However, it can be proved that luch inieractions can occasionally
generate structures far outside the subgrid scale from a triadic analysis.

We set Tij = Rij + Cij i;

and introduce the deviatoric tensor : Tij = T - Tkk 6
ij ij 3 kij

On the other hand we write:

j + i

Finally we have

at + i ax [L + Tij]
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Subsequent workers have followed Smagorinski 
(100) and write

3u. au.
Tij = - [ X + M ]

for the "subgrid term".

Such an assumption gives rise to several remarks. For sake of brievety we will
emphasize some difficulties probably originating from Smagorinsky's assumption. Non-
linear interactions between turbulence structures are very complex ; reverse cascades
of energy can occur. For these exchanges energy comes from structures belonging to the
subgrid structures and goes to structures belonging to the filtered field. Gence
has shown that these exchanges essentially depend on the relative position of the principal
axes of the mean field (with respect to the principal axes of the Reynolds stress tensor).
In the case under consideration a feedback mechanism can take place for adequate relative
positions of the principal axes of the filtered field with respect to those of the subgrid
field. Introducing a crude hypothesis through a turbulent eddy viscosity, Smagorinsky
eliminated this "back scattering". Comparisons which have been made with an extended EDQNM
method support this assumption (101, 102).

In spite of this difficulty computing times are very large. Nevertheless we can
expect some illuminating information provided that an adequate numerical scheme is
introduced.

We previously indicated that complex flows such as impinging jets can be viewed as
a synthesis of diverse flow modulus. Where modelling methods are concerned we could
develop some typical approaches concerning the impinging area. In fact, this region can
be considered as preferentially marked by a strong curvature of the mean streamlines
associated with a strong straining process. We just recall that Coriolis effects have
recently been analyzed by spectral methods (68), theoretical results being in good
agreement with more or less empirical relations (48). As for the rapid distorsion which
is imposed on the turbulent field, it can be treated as a linear problem the characteristic
time of the turbulence being rather large in comparison with the residence term (the time
taken by a turbulent structure to travel from E to F, fig. 1). Strong curvatures effects
probably restrain instabilities so that the entrainment is rather weak in this region, a
fact which is connected with curved wall jet development (concave wall). A relative
stability of the flow can also be detected in the near region downstream of the impinging
zone.

4. CONCLUSION

The tui-alent mechanisms inherent in the development of free turbulent flows are
not completely understood. Homogeneous flows have been thoroughly analyzed and information
is available ; on the contrary the contamination of the non-turbulent region by turbulent
flows remains a challenging problem in spite of vigorous efforts : sophisticated
investigations bj means of hot wire or laser anemometers have been carried out and many
experiments data are available. For lack of adequate theory, the entrainment process
exhibits many aspects, the dynamic of large structures being probably a relevant parameter.
The existence and the shape of these structures probably depends on the overall field.
Under some circumstances they have a deterministic origin ; in other cases they can be
considered as belonging to either a deterministic process or a statistical one. We can
conjecture that in typical configurations, such as mixing zones, they are a sequel of a
transition phenomenon which prevails even far from the exit nozzle. In the near future
it will be very useful to carry out careful investigations in order to clarify these
questions.

APPENDIX

In order to understand the role played by the pressure field we examine the partial
differential system

u au +, au_1  ap
ax, 2  ID ax

ax, U X2  P x2

+ au, zu 0
axi ax 2

In the momentum equation the viscous terms have been dropped. With these terms
second derivatives appear which obliterate the role of the pressure and velocity field.
Anyway, for incompressible fluids, viscous terms do not play a direct role in Poisson's
equation ; they intervene through the velocity field only. A singular perturbation
problem appears if these second order terms tend to zero.

In its complete form the system gives rise to a complex set of characteristic lines.

ii L]Ai ~--- -..
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. Imaginary roots correspond to an elliptic behaviour of the system strictly
linked to the role of the pressure terms. All the parts of the flow are closely
connected with each other through this pressure term.

• The real root corresponds to an hyperbolic behaviour of the system. The charac-
teristic curves are the streamlines, and disturbances can be propagated along these
streamlines.

By introducing Prandtl's assumption the system takes a simpler form

1 guU au-, - 1 ap
3X ax2  P ax1

ax2

3XI 3X2

The characteristic system is composed of

streamlines in connection with a real root

normal lines to the mean velocity U, (double real roots). Disturbances can be
propagated normally to the streamlines

= 0),3X2
and the pressure field becomes a given external force which has the same value at any
point of the normal characteristic line.

BIBLIOGRAPHY

(1) M. SUNYACH & J. MATHIEU, Zone de m~lange d'un jet plan : fluctuations induites dans
le c6ne a potentiel, intermittence. Int. J. Heat and Mass Trans., vol. 12, 1969,
p. 1679-1697.

(2) I. WIGNANSKY and H.E. FIEDLER, The two dimensional mixing region. J. Fluid Mech.,
vol. 41, part 2, 1970, p. 327-361.

(3) G.L. BROWN and A. ROSHKO, On density effects and large structure in turbulent mixing
layer. J. Fluid Mech., vol. 64, part 4, 1974, p. 775-816.

(4) F.H. CHAMPAGNE, Y.H. PAO & I.J. WYGNANSKI, On the two dimensional mixing region.
J. Fluid Mech., vol. 74, part 2, 1976, p. 209-250.

(5) C. BEGUIER, L. FULACHIER & J.F. KEFFER, The turbulent mixing layer with an asymmetrical
distribution of temperature. J.F.M., vol. 89, part 3, 1978, p. 561-587.

(6) V.K. PUI & I.S. GARTSHORE, Measurement of the growth rate and structure in plane
turbulent mixing layers. J.F.M., vol. 91, part 1, 1979, p. 111-130.

(7) S.P. RAJAGOPALAN & R.A. ANTONIA, Properties of the large structure in a slightly
heated turbulent mixing layer of a plane jet. J.F.M., vol. 105, 1981, p. 261-281.

(8) L.J.S. BRADBURY, The structure of a self-preserving turbulent plane jet. J.F.M.,
vol. 23, part 1, 1965, p. 31-64.

(9) G. HESKESTAD, Hot wire measurements in a radial turbulent jet. Trans. of ASME, E,
vol. 33, 1966, p. 417-424.

(10) I. WYGNANSKI & H.E. FIEDLER, Some measurements in the self-preserving jet. J.F.M.,
vol. 38, part 3, 1969, p. 577-612.

(11) M.M. RIBEIRO & J.H. WHITELAW, Statistical characteristics of a turbulent jet. J.F.M.,
vol. 70, part 1, 1975, p. 1-15.

(12) A.E. DAVIES, J.F. KEFFER & W.D. BAINES, "Spread of a heated plane turbulent jet.
Physics of Fluids, vol. 18, no 7, 1975, p. 770-775.

(13) P. CHASSAING & A. CLARIA, Transfert de masse dans des jets turbulents de revolution
en milieu non homogine. Int. J. Heat and Mass Transfer, vol. 19, 1976, p. 249-258.

(14) H.H. BRUUN, A time domain analysis of the large-scale flow structure in a circular
jet. Part I : moderate Reynolds number. J.F.M., vol. 83, part 4, 1977, p. 641-671.

(15) A.J. YULE, Large-scale structure in the mixing layer of a round jet. J.F.M., vol. 89,
part 3, 1978, p. 413-432.



9-13

(16) J. TSO, L.S.G. KOVASZNAY & A.K.M.F. HUSSAIN, Search for large-scale coherent
structures in the nearly self-preserving region of an axisymmetric turbulent jet.
AIAA paper, no 80-1355, 1980.

(17) J.C. LAU, Effects of exit Mach number and temperature on mean flow and turbulence
characteristics in round jets. J.F.M., vol. 105, 1981, p. 193-218.

(18) J. MATHIEU, Contribution A l'dtude a~rothermique d'un jet plan &voluant en presence
d'une paroi. Pub. Scien. Tech. Min. Air, no 374, 1959.

(19) A. TAILLAND & J. MATHIEU, Jet parital. Journal de Mcanique, vol. 6, no 1, 1967,
p. 103-131.

(20) F. SPETTEL, J. MATHIEU & J.F. BRISON, Tension de Reynolds et production d'6nergie
cin~tique turbulente dans les jets pari~taux sur paroi plane et concave. Journal de
M~canique, vol. 11, no 3, 1972, p. 403-425.

(21) H.P.A.H. IRWIN, Measurements in a self-preserving plane wall jet in a positive pressure
gradient. J.F.M., vol. 61, part 1, 1973, p. 33-64.

(22) R.A. BAJURA & M.R. CATALANO, Transition in a two dimensional plane wall jet. J.F.M.,
vol. 70, part 4, 1975, p. 773-799.

(23) N.V. CHANDRASEKHARA SWAHY & P. BANDYOPADHYAY, Mean and turbulence characteristics of
three-dimensional wall jets. J.F.M., vol. 71, part 3, 1975, p. 541-562.

(24) E. ALCARAZ, G. CHARNAY & J. MATHIEU, Measurements in a wall jet over a convex surface.
Physics of Fluids, vol. 20, no 2, 1977, p. 203-210.

(25) S. BELTAOS & N. RAJARATNAM, Plane turbulent impinging jet. J. of Hydrau. Res., vol. 11,
no 1, 1973, p. 29-59.

(26) C.D. DONALDSON & R.S. SNEDEKER, A study of free jet impingement. J. Fluid Mech.,
vol. 45, part 3, 1971, p. 477-512.

(27) H.W. LIEPMANN & J. LAUFER, Investigation of free turbulent mixing. NACA Tech.,
note 1257, 1947.

(28) M. SUNYACH, Contribution A l'4tude des frontiEres d'6coulements libres. These
Universit6 Lyon I, no 37, 1971.

(29) A.K.M.F. HUSSAIN & Z.D. HUSAIN, Turbulence structure in the axisymmetric free mixing
layer.

(30) S. CORRSIN, Investigation of flow in an axially symmetrical heated jet of air.
NACA Report 3L23, 1943.

(31) R. CURTET & F.P. RICOU, On the tendency to self-preservation in axisymmetric ducted
jets. Trans. of A.S.M.E., B. Eng., 1964, p. 765-776.

(32) K.W. EVERITT & A.G. ROBINS, The development and structure of turbulent plane jets.
J. Fluid Mech., vol. 88, part 3, 1978, p. 563-583.

(33) B. BRADSHAW & M.T. GEE, Turbulent wall jets with and without an external stream.
Rep. and Mem. no 3252, 1960.

(34) A.A. TOWNSEND, The structure of turbulent shear flow. Cambridge University Press,
Cambridge, England, 1956.

(35) G. COMTE-BELLOT & S. CORRSIN, Simple Eulerian time correlation of full and narrow-
band velocity signals in grid-generated isotropic turbulence. J. Fluid Mech.,
vol. 48, part 2, 1971, p. 273-337.

(36) M. SUNYACH & J. MATHIEU, Zone de melange d'un jet plan. C.R.A.S. Paris, t. 268,
1969, p. 655-658.

(37) J. MATHIEU, Remarks on turbulent flows with free stream boundaries. Von Karman Lecture
Series, no 36, 1971.

(38) J. SABOT, (4 CHARNAY & G. COMTE-BELLOT, Intermittent phenomena in turbulent shear
flows, Eur.)mech 63, Denmark, 1975.

(39) J. SABOT & G. COMTE-BELLOT, Intermittency of coherent structures in the core region
of fully developed turbulent pipe flow. J. Fluid Mech., vol. 74, part 4, 1976,
p. 767-796.

(40) J.M. WALLACE, H. ECKELMANN & R.S. BRODKEY, The wall region in turbulent shear
flow. J. Fluid Mech., vol. 54, part 1, 1972, p. 39-48.

(41) S. ESKINAZI & V. KRUKA, The wall jet in a moving stream. Syr. Univ. Res. Inst.,
Rep. ME 937-6309, 1963.



4-14

(42) D.E. GUICTON, Some contributions of the study of equilibrium and non equilibrium
turbulent wall jet over curved surface. Thesis Mc Gill Univ., 1970.

(43) S.C. KACKER & J.H. WHITELAW, An experimental investigation of the influence of
slot-lip thickness on the impervious-wall effectiveness of the uniform density
two dimensional wall jet. Int. Jour. of Heat and Mass Trans., vol. 12, no 9, 1969,
p. 1196-1201.

(44) K. HANJALIC & B.E. LAUNDER, A Reynolds stress model of turbulence and its application
to thin shear flow. J. Fluid Mech., vol. 52, part 4, 1972, p. 609-638.

(45) J. LUMLEY, Prediction methods for turbulent flows. Von Karman Lecture series, 1976.

(46) J. MATHIEU & D. JEANDEL, Prediction methods for turbulent flows. Von Karman Lecture
Series no 76, 1975.

(47) E. ALCARAZ, G. GUILLERMET & J. MATHIEU, Mesure de coefficients de frottements
pari~taux A l'aide de tube de preston. C.R.A.S. Paris, A, 1968, p. 432-434.

(48) P. BRADSHAW, Effects of streamlines curvature on turbulent flow. NATO, AGARDOGRAPH
no 169, 1973.

(49) W.C. REYNOLDS & M.C. POTTER, Finite amplitude instability of parallel shear flow.
J. Fluid Mech., vol. 27, part 3, 1967, p. 465-492.

(50) P.G. SAFFMAN, Theoretical survey of coherent structures in turbulent flows.
Proceedings of the role of coherent structure in modelling turbulence and mixing
(Madrid 1980). Lecture Notes in Physics no 136, Springer Verlag.

(51) L.S.G. KOVASZNAY, V. KIBENS & R.F. BLACKWELDER, Large-scale motion in the intermittent
region of a turbulent boundary layer. J. Fluid Mech., vol. 41, part 2, 1970, p. 283-
325.

(52) R.A. ANTONIA, A. PRABHU & S.E.STEPHENSON, Conditionnally sampled measure.ments in a
heated turbulent jet. J. Fluid Mech., vol. 72, part 3, 1975, p. 455-480.

(53) G. CHARNAY, J. MATHIEU & G. COMTE-BELLOT, Response of turbulent boundary layer to
random fluctuation in the external stream. Physics of Fluids, vol. 19, 1976,
p. 1261-1272.

(54) C. DOPAZO, On conditioned averages for intermittent turbulent flows. J. Fluid Mech.,
vol. 81, part 3, 1977, p. 433-438.

(55) H. ECKELMANN & J.M. WALLACE, A comparison between pattern recognition methods and
the VITA detection scheme in wall bounded turbulent shear flow. Proceedings of the
role of coherent structure in modelling turbulence and mixing (Madrid 1980),
Lecture Notes in Physics, no 136, Springer Verlag.

(56) J. MATHIEU & G. CHARNAY, Experimental methods in turbulent structure research.
Proceedings of the role of coherent structure in modelling turbulence and mixing
(Madrid 1980), Lecture Notes in Physics n° 136, Springer Verlag.

(57) W.G. HILL & R.C. JENKINS, Effects of the initial boundary layer state on turbulent
jet mixing. AIAA Journal, vol. 14, n° 11, 1976, p. 1513-1514.

(58) D. OSTER, B. DIOMBA, H. FIEDLER & I. WYGNANSKI, On the effect of initial conditions
on the two dimensional turbulent mixing layer. Structure and Mechanism of turbulence I,
edited by H. FIEDLER, Springer, New York, 1978, p. 48-64.

(59) L. BOGUSZAWSKI & G. POPIEL, Flow structure of the free round turbulent jet in the
initial region. J. Fluid Mech., vol. 90, part 3, 1979, p. 531-539.

(60) Z.D. HUSAIN & A.K.M.F. HUSSAIN, Axisymmetric mixing layer : influence of the initial
and boundary conditions. AIAA Journal, vol. 17, no 1, 1979, p. 48-55.

(61) S.C. CROW & F.H. CHAMPAGNE, Orderly structure in jet turbulence. J. Fluid Mech.,
vol. 48, part 3, 1971, p. 547-591.

(62) P.O.A.L. DAVIES & A.J. YULE, Coherent structures in turbulence. J. Fluid Mech.,
vol. 69, part 3, 1975, p. 513-537.

(63) J. LAUFER, New bends in experimental turbulence research. An. Rev. of Fluid Mech.,
vol. 7, 1975, p. 307-326.

(64) P.G. SAFFMAN, The number of waves on unstable vortex rings. J. Fluid Mech., vol. 84,
part 4, 1978, p. 625-639.

(65) A. ROSHKO, The plane mixing layer flow visualization results and three dimensional
effects. Proceedings of the role of coherent structure in modelling turbulence and
mixing (Madrid 1980), Lecture Notes in Physics no 136, Springer Verlag.

(66) C.C. CHANDRSUDA, R.D. MEHTA, A.D. WEIR & P. BRADSHAW, Effect of free-stream turbulence
on large structures in turbulent mixing layers. J.F.M., vol. 85, part 4, 1972,
p. 693-704.



9-15

(67) J.P. BERTOGLIO, G. CHARNAY & J. MATHIEU, Effects de la rotation sur un champ
turbulent cisaill6 : application au cas des turbomachines. Journal de M~canique,
vol. 4, no 4, 1980, p. 421-443.

(68) J.P. BERTOGLIO, Homogeneous turbulent field within a rotating frame. 13th AIAA
Conference, Snowmass -Colorado, 1980.

(69) J.P. SCHON, J. MATHIEU, A. BAILLE, J. SOLAL & G. COMTE-BELLOT, Experimental study
of diffusion processes in unstable stratified boundary layers. Advances in
Geophysics, vol. 18, B, 1974, p. 265-272.

(70) A. CRAYA, Contribution A l'analyse de la turbulence associ~e A des vitesses moyennes.
Pub. Sci. et Tech. Min. Air, no 345, 1958.

(71) F.H. CHAMPAGNE, V.G. HARRIS A S. CORRSIN, Experiments on nearly homogeneous turbulent
shear flow. J. Fluid Mech. , vol. 41, part 1, 1970, p. 81-139.

(72) J.N. GENCE, Action de deux deformations pures planes successives sur une turbulence
homog~ne et isotrope. Th~se de Doctorat d'Etat, Universit6 Claude Bernard, Lyon I,
1979.

(73) J.N. GENCE & J. MATHIEU, The return to isotropy of an homogeneous turbulence having
been submitted to two successive plane strains. J.F.M., vol. 101, part 3, 1980,
p. 555-566.

(74) J. MATHIEU & D. JEANDEL, Pathological cases in turbulent field and spectral approach.
I.V.K. Lecture Series 1979-2, Prediction methods for turbulent flows, January 15-19,
1979.

(75) S. CORRSIN, Investigation of the behaviour of Parall, two dimensional air jets.
NACA W 90, 1944.

(76) D.F. DURAO & J.H. WHITELAW, Turbulent mixing in the developing region of coaxial jets.
Trans. A.S.M.E., Fluid Eng., vol. 95, no 3, 1973, p. 467.

(77) J.H. WHITELAW & M.M. RIBEIRO, Turbulent mixing of co-axial jets with particular
reference to the near exit region. Imp. Coll. of Sce and Techn. Report N 74 15966,
1973.

(78) A. KROTHAPALLI, D. BAGANOFF & K. KARAMCHETI, Development and structure of a rectangular
jet in a multiple jet configuration. AIAA Journal, vol. 18, no 8, 1980, p. 945-950.

(79) V.W. GOLDSCHMIDT & P. BRADSHAW, Flapping of a plane jet. Physics of Fluids, vol. 16,
no 3, 1973, p. 354-355.

(80) C.M. HO & N.S. NOSSEIR, Dynamics of an impinging jet. Part 1 : the feedback phenomenon.
J. Fluid Mech., vol. 105, 1981, p. 119-142.

(81) J. KESTIN & R.T. WOOD, On the stability of two dimensional stagnation flow. J. Fluid
Mech., vol. 44, part 3, 1970, p. 461-479.

(82) P.J. LAMONT & B.L. HUNT, The impingement of under expanded axisymmetric jets on
perpendicular and inclined flat paltes. J. Fluid Mech., vol. 100, part 3, 1980,
p. 471-511.

(83) H.M. Mc MAHON, D.D. HESTER & J.G. PALFERY, Vortex shedding from a turbulent jet in
a cross-wind. J. Fluid Mech., vol. 48, part 1, 1971, p. 73-80.

(84) J.F. CAMPBELL & J.A. SCHETZ, Analysis of the injection of a heated turbulent jet
into a cross-flow. NASA TR R-413, 1974.

(85) Z.M. MOUSSA, J.W. TRISCHKA & S. ESKINAZI, The near field in the mixing of a round
jet with a cross-stream. J. Fluid Mech. , vol. 80, part 1, 1977, p. 49-80.

(86) D. ADLER & A. BARON, Prediction of a three dimensional circular turbulent jet in
cross-flow. AIAA Journal, vol. 17, no 2, 1978, p. 168-173.

(87) E. LE GRIVES, Mixing process induced by the vorticity associated with the penetration
of a jet into a cross-flow. Trans. A.S.M.E., Jour. of Eng. for Power, vol. 100, no 3,
1978, p. 465-475.

(88) R.A. PETERSEN, R.E. KAPLAN & J. LAUFER, Ordered structure and jet noise. NASA
Contractor, Rep. 134733, 1974.

(89) C.J. MOORE, The role of shear-layer instability waves in jet exhaust noise. J. Fluid
Mech., vol. 80, part 2, 1977, p. 321-367.

(90) D. JUVE, M. SUNYACH & G. COMTE-BELLOT, Intermittency of the noise emission in subsonic
cold jets. J. Sound Vib., vol. 71, no 3, 1980, p. 319-332.

(91) R.E. KELLY, On the stability'of an inviscid shear layer which is periodic in space
and time. J. Fluid Mech., vol. 27, part 4, 1967, p. 657-689.



9-16

(92) C.J. MOORE, The effect of shear layer instability on jet exhaust noise. Structure
and Mechanisms of Turbulence, Berlin, 1977.

(93) P. DENEUVILLE & J. JACQUES, Jet noise amplification : a practically important problem.
AIAA, 4th Aeroacoustics Conf., Atlanta, Georgia, 3-5 octobre, 1977.

(94) D. JUVE & M. SUNYACH, Radiation properties of a turbulent jet excited by a sinusoidal
acoustic disturbance. International Symposium on the Mechanics of Sound Generation in
Flows, Gttingen, 1979.

(95) J. MATHIEU, Idles actuelles sur la turbulence. CANCAM 79, Sherbrooke, ter, 1979,
p. 465-502.

(96) C. BRAUNER, D. JEANDEL & J. MATHIEU, Some approaches to turbulence problems. Non
linear problems : present and future. Center for non linear studies, Los Alamos,
New Mexico, March 2-6, 1981.

(97) P. BRADSHAW, D.H. FERRIS & N.P. ATWELL, Calculation of boundary layer development
using the turbulent energy equation. J.F.M., vol. 28, part 3, March 3rd, 1967,
p. 593-616.

(98) D. JEANDEL, J.F. BRISON & J. MATHIEU, Modelling methods in physical and spectral
space. Physics of Fluids, vol. 21, n* 2, February, 1978, p. 169-182.

(99) A. LEONARD, Energy cascade in large-eddy simulations of turbulent fluid flows. Adv.
in Geophys, 1974.

(100) J.S. SMAGORINSKY, General circulation experiments with the primitive equations,
I : the basic experiment, Mon. Weath. Rev., 91, 1963, p. 99.

(101) D.C. LESLIE, Developments in the theory of turbulence, Clarendon Press, Oxford, 1973.

(102) C. CAMBON, D. JEANDEL & J. MATHIEU, Spectral modelling of homogeneous non isotropic
turbulence. J. Fluid Mech., vol. 104, 1981, p. 247-262.

ACKNOWLEDGEMENTS

We are very indebted to Professor J. WALLACE for his comments and helpful assistance.
We should like to thank M. SUNYACH and E. ALCARAZ for their contributions and C. BURNET,
J. KREISS and 0. PERRONNET for their technical support.

,1



9-17

do ITNOZZLE X

I MIXING LAYER

WALL X2

FIG. I SKETCH OF AN IMPINGING JET.

X2

U0

FIG. 2 - EQUILBRIUM PROFILES OF VELOCITY IN A FREEN JAE.



X2

* A

* A

4~ A2
08. 0

A

e = 6.3 mm A

0.. 63.5 a

02. x,,'.- a 95 A

0. 127aA
0.. a159 As0

XX2/X-l As

x

2

(b)X1 Ae T22 A 1

20 2. 05 0.605

1. 25i 2.5 3
FIG. 5 - AXIAL EVOLUTION OF THE INTERMITTENCY FACTOR PROFILES.

A) FREE JET (SUNYACH, 28).
B) WALL JET (ALCARAZ, CHARNAY AND MATHIEU, 24).



\ (2/ U,
50.
0/0 LA

40

A OA FE** JET
2 0 * Re=20 000

10 according to TAILLAND i *135--
X .170--- 

o . 2 17 o Q8 9 1 1 12
FIG. 6 - AXIAL EVOLUTION OF THE TURBULENT INTENSITY ALONG A FREE JET

(TAILLAND AND MATHIEU, 18).

SUr/L6eocty..) . uAir0.9 ~ ~~(t urbu~ece)u,
0 T/Tm(temperature) /Nc)

0.8 00.7. TrT ~ \ 70
0.6. ". /60

0.5. /* , .50
0.A u2i / "40

02. 20
~~/ /,"" J/Um"Jl

0.1.1
0 -r 10
-2 4-21-18-15-12-9 -6 - 3 6 9 12 15 18 2124
FIG. 7 - TRANSVERSE DISTRIBUTION OF THE TURBULENT INTENSITY

ACROSS A FREE JET (CORRSIN, 30).-- I MIXING LAYER
1.4. -100 UlU2

1.2 2.5
.21.0 .1.5"

11.5

T computed
0.6.

0.4 0;'

.2 X2-e/2

0 *1

FIG. 8 - REYNOLDS SHEAR STRESS IN A MIXING LAYER
(SUNYACH AND MATHIEU, 36).



9-20

W/W" WALL JET
Ref :Tailtand & M thieu

W*=W en 1,-x;
For X2 =x UX; =' 0.5

x

3

2.

0 CWL Q2 0. 0.6z .p8 1
FIG. 9 - PRODUCTION OF KINETIC ENERGY q2 

IN A WALL JET
(TAILLAND AND MATHIEU, 18).

N T TENCY " " Re=23 200; e=10 mm
, , .• x,/e =80

0.8.g

* PLANE
0.7 CURVED WALL JE WALL JET

Radius of cutrvature
0.6.

R zl,20mwat

0.5 ......

0.4.•

u 0

0.2 \

0.1 0- •

x2/x
0 1.5 2

FIG. 10 - EFFECT OF CURVATURE ON THE INTERMITTENCY FACTOR IN A WALL JET
(SUNYACH, 28).



9-21

r I Mias' intriinr;n"l

I= 17 'S-- Units) A

/WaLL o otrem15/ 0-& . 6 AN

10 • •,-
.2AA

FIG. 11 - TERMS OF MASS ENTRAINMENT IN CONDITIONED EQUATIONS:

;)1- y)ue/a)X + a)(1 - y)ve/a~y

WALL JET (ALCARAZ & AL, 24).

Turbulent \ ,Turbulent 
r

eddies , eddiesdecreases 
increases

LAXES AXES

FIG. 12.a - DIRECTION OF AMPLIFICATION 
AND OF CONTRACTION

OF THE TURBULENT 
EDDIES IN A SHEAR FLOW.

rotation induced

by te shear (o
rotation of the

principa axes

of the Reyno-dstress tensor in astraining process 
. E

whose frame ",
rotates with an
angu ar ve ocity W)!

FIG. 12.b - ROTATION OF 
PRINCIPAL AXES 

OF THE REYNOLDS 
STRESS TENSOR

ASOPPOSITE TO THE MEAN ROTATION ASSOCi&TED 
wITH THE SHEAR.

rotaton iduce

"~ ~~~~~~ IeIIII 
II 

I=-



r~~r  9-22 ,,

Near fietd - A
rrncrop,~ne

d t=o-- ,

X0~ t=k

Schematic diagram of
the impinging jet. t;Tr

I I I '

it

FIG. 13 - COLLECTIVE INTERACTION IN AN IMPINGING JET

(HO AND NOSSEIR, 80) (HIGH SPEED SUBSONIC JET, X PLATEAo < 7.5).

Velocity profile A

Velcit prfle8M an vortex

ty proi~e(lines

FIG. 14.a - SKETCH OF THE CENTRE-LINE OF JET IN CROSS-FLOW.

(c) (d) -

(e o -20 -1.5 -10 -abL 5 P1 Z

FIG. 14.b - DEVELOPMENT OF JET CROSS SECTIONS DOWNSTREAM
ALONG ITS CENTRE-LINE AND LINE OF CONSTANT VELOCITY (ADLER AND BARON, 86).
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A ROW OF JETS IN A CROSSFLOW

by
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SUMMARY

Measurements and calculations are reported for the flow downstream of a single row
of round jets discharging vertically into a confined horizontal cross-stream. The mea-
surements include mean axial velocity and scalar concentrition distributions, for pitch-
to-diameter ratios (S/0) of 2 and 4, tunnel heights (H) of 4 and 8 jet diameters and a
jet-to-mainstream velocity ratio of 2.3. Experimental results show that no impingement
of the jets occurs on the upper wall even for the larger S/O and smaller H/O values.
When S/O is reduced the jets quickly coalesce laterally and this trend towards two-di-
mensional flow inhibits impingement by acting to depress jet trajectories. Although jet
spreading rates are similar for both pitch-to-diameter ratios, the rapid loss of indivi-
dual jet identity for the smaller value, is clearly illustrated by qualitative differen-
ces in the measured velocity contour shapes on the furthest downstream cross-plane.

The calculated results were obtained by solving the steady three-dimensional ellip-
tic form of the Reynolds equations with a two-equation model of turbulence. The effect
of grid-refinement is examined and it is shown that numerical errors are still evident
even for the finest grid used (20x20x30 nodes), but are not dominant and do not alter the
general characteristics of the predicted flow behaviour. The effect of the boundary con-
ditions in the plane of the jet exit are investigated and the results for the lower pitch-
to-diameter ratio are shown to be sensitive to changes in these conditions. Comparison
with the measured data shows good agreement for the larger pitch-to-diameter ratio, but
only certain features are well predicted for the lower value. Finally, calculations are
presented outside the range of measurements to quantify the influence of the blockage
parameter on the flow development.

INTRODUCTION

The single jet in crossflow has been examined by many investigators and a review of
previous work, as well as new measurements, is presented in reference 1. The properties
of the flow in and around a row of jets in crossflow has received less attention with re-
ferences 2 and 3 reporting some of the small number of measurements. Like the opposed
rows of jets studied in reference 4, the emphasis of these previous multiple-jet inves-
tigations has been on characteristics relevant to gas-turbine dilution systems.

The results presented here relate to a single row of jets in crossflow with pitch-
to-diameter ratios of 2 and 4, distances from the jet exit to wind-tunnel roof of 4 and 8
jet diameters and a jet-to-mainstream velocity ratio of 2.3. Measurements of mean flow
properties were obtained with these arrangements and used to assess the accuracy of pre-
dictions obtained with a mathematical model of the flow which was subsequently used to
extend the range of variables investigated experimentally.

The calculation method was based on the numerical solution of the steady, three di-
mensional elliptic form of the Reynolds equations and made use of the same computer pro-
gram previously used in reference 5 to calculate the properties of a single jet in con-
fined crossflow. The turbulence was represented by the two-equation model of reference
6. It is clear from the previous investigations of references b, 7 and 8 that the num-
ber and location of grid nodes is limited by the finite computer storage available and
can introduce significant numerical errors. As will be shown, the general characteris-
tics of the flow are essentially grid independent and are in good agreement with measu-
rement except for the lower pitch-to-diameter ratio case where the turbulence model does
not reproduce the differring rates of vertical and lateral mixing observed in the measu-
rements. The quality of the agreement is, however, sufficiently good to warrant the use
of the method to investigate the influence of boundary conditions outside the range of
the measurements.

The remainder of the paper is presented in four sections. The following section des-
cribes the experimental arrangement and presents the measured results. The calculation
method, with preliminary grid-dependency tests and other computational details, is des-
cribed in the third section and the calculated results are presented and compared with
measurements in the fourth. A summary of the more important conclusions is presented in
the final section.

FLOW CONFIGURATIONS AND MEASUREMFNTS

The wind tunnel has a working section of 300 mm width and 200 mm height with five
25.4 mm holes located across the span of the floor with their centres separated by 50.8
mm. The holes were connected to 0.76 m long tubes which ensured fully-developed flow and



were located with their centre-lines 0.30 m downstream of a sandpaper trip. The arran-
gement is shown on figure I which also indicates the co-ordinate system and some of the
symbols used below. The tunnel was operated with a mean velocity which was uniform over
90% of the inlet area of the tunnel and equal to 10.8 m/s. The 4verage velocity in each
pipe was 24.9 m/s, corresponding to a Reynolds number of 4.24x10

4
.

The flow to the five holes, or three when a pitch-to-diameter ratio of four was re-
quired, was generated by a fan which passed the air to a plenum chamber and, through
flexible piping, to the tubes connected to the holes. In the absence of cross-stream
flow, mean velocity profiles obtained across two orthogonal diameters in the exit plane
of each hole revealed maximum discrepancies in the flow rates obtained by integration of
each of the twenty profiles of less than 1%. Comparison of the profiles revealed local
discrepancies of not more than 6% of the maximum velocity value. In all cases, the exit
profile conformed to fully developed turbulent pipe flow.

Measurements of mean velocity were obtained with an impact probe of external and in-
ternal diameters 1.1 and 0.61 mm respectively. A transducer and time-averaging voltme-
ter allowed reproducibility of pressure measurement of better than t 1% for all measure-
ments and considerably better at the higher velocities.

The local concentrations of a trace of helium gas, injected into the supply tube of
the central jet upstream of the jet exit, was used to determine the location of jet fluid
and was measured by sampling through the impact probe used for velocity measurements.
Values of concentration were subsequently determined with a thermal conductivity cell.
Further details of the main stream and jet flows, and of the measurement systems can be
found in references 4 and 9.

Mean velocity and concentration contours, obtained by interpolation from a matrix of
individual measurements are shown on figures 2 to 5 for ratios of duct height to hole
diameter of 8 and 4 and for pitch-to-diameter ratios of 2 and 4. In each of the four
cases, contours are presented at locations four and eight diameters downstream of the
vertical plane containing the hole centre-lines. The axial velocity measurements are
made non-dimensional with the upstream free stream velocity U, and the concentration
data are normalised to give datum valves of unity in the jet exit and zero in the free
stream .

Inspection of figure 2 shows that, as has been observed before, the maximum velocity
region is not coincident with the maximum concentration. At 4D, the near-wall velocity
contours show the individual nature of the wakes behind the jets but this is no longer
evident at 80. Comparison of figures 2 and 3 shows that, with the present velocity ra-
tio, the jet penetrates slightly further into the freestream with the larger duct height
but, by the 80 location, and for both H/U values, has been turned parallel to the wall
without impingement of the core of the jet fluid. Otherwise the two flows are similar
and in considerable contrast with those obtained with a pitch-to-diameter ratio of 4,
figures 4 and 5, where the individual nature of the jets is apparent both at 40 and 80
and the jet penetration, due to the reduced lateral mixing, is somewhat greater. The
velocity maximum still tends to be associated with acceleration of the freestream rather
than with the jet fluid. Superposition of tracer gas from each jet would, as expected,
lead to regions of low concentrations in the gap between the holes only for the higher
pitch-to-diameter case, further illustrating the ability of the free stream to penetrate
between the jets in the S/D=4 case, but not for S/0=2.

CALCULATION METHOD AND COMPUTATIONAL DETAILS

The time-averaged forms of the equations of continuity and momentum have been solved,
with the Reynolds stresses calculated using a two-equation turbulence model involving
equations for turbulence energy k and dissipation rate c. The equations may be written
in the following form valid for steady, constant density flow

andx 0

- a (P u

P_ (t Lk)_ C uEuj ax axj (7 xj 1 _ j ax C-Pi

with pu " - 2 1ij . Jt) x_

ut-C p k2/c

and C -0.09, C1 1.44, C2 - 1.92, ok 1.0 and o. 1.3.
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The numerical scheme previously employed in reference 5 and described in-greater de-
tail ir. zeference 10 was used to solve the three-dimensional forms of the above six cou-
pled partial differential equations. The finite-difference formulation comprises a li-
nearised, implicit, conservative scheme using central differencing except in regions
where mean-flow convective fluxes dominate diffusive processes where upwind differencing
is used. The method is formulated in terms of velocity and pressure, with a staggered
grid irr.rgment and a guess and correct procedure to ubtain the correct pressure field.

The solution domain for the present problem may be represented by a rectangular box
whose upper and lower walls coincide with the roof and floor of the wind tunnel, bounda-
ry conditions along these solid walls employed the usual wall-function approach, see
Launder and Spalding, reference 11. Assuming an infinitely long row of holes, the flow
is symmetric about vertical planes through a hole centre (hereafter referred to as the
centre-plane) and through the line bisecting the space between two holes (hereafter cal-
led the mid-plane): the second symmetry boundary condition is in confrast to that for a
single jet in cross flow. The upstream boundary condition corresponded to the measured
mean axial velocity profile at X/D=-5.5 with the cross-stream velocity components presu-
med zero and k and E determined assuming a turbulence intensity of one per cent and a
length scale equal to the duct height, the results obtained here were found by numerical
experiment, to be insensitive to these assumptions and the location of the upstream plane.
A similar approach was taken with the downstream boundary condition where the axial gra-
dients of the five dependent variables were assumed zeroj the influence of the position
where this assumption was imposed was evaluated by comparing results for the downstream
boundary located progressively further away from the jets. This boundary condition was
eventually assigned at X/0=12.5 and had no influence on the results presented.

The final boundary condition which needs to be described here is that imposed over
the jet exit plane. Apart from some special treatment necessary in the regions where
the semi-circular hole boundary bisected the rectangular finite-difference control volume
surface areas, two types of boundary conditions were tested. The first, and simplest,
form assumed the efflux velocity (Vj) to be constant over the hole, with zero U and W
velocities and k and c calculated from a turbulence intensity of one per cent and a
length scale equal to the jet diameter. Since it is known (see, for example references
12, 13) that the flow within the hole is distorted due to the strong pressure gradients
which are set up over the jet exit plane, the constant velocity type of boundary condi-
tion is unnecessarily crude and an alternative condition was also tested by invoking the
assumption that the velocity profile across the injection hole is consistent with a
constant total pressure condition, a feature of jets in crossflow which was noticed by
Bergeles (reference 12) in his experiments at low velocity ratios where the distortion
is strongest. Starting a calculation with zero static pressures everywhere within the
flow field and a constant jet velocity (V ) enables the total pressure to be calculated
initially (Ptot- PV 

2
),on subsequent ite ation cycles, the static pressure over the ho-

le has changed and t~is then enables the vertical velocity profile within the hole to
be updated, using the equation :

P totC P stat+ 1/2 pV
2

An additional constraint is that the total mass flow from the hole should be the same as
in the constant velocity case.

The velocity profile produced using this treatment over thu jet exit is compared on

the centre-plane for S/0=2, H/0=4 in figure 6 to the profile measured by Andreopoulos
(reference 13). The data of reference 13 were not taken in exactly the same configura-
tion, but were measured in a single jet in crossflow at a slightly lower velocity ratio
of 2.0 and with a jet fed from a plenum chamber rather than through long supply tubes.
Nevertheless the qualitative trend is reproduced of a low velocity at the front of the
jet and a higher than bulk mean velocity at the rear edgel the predicted shape is not
in good agreement showing the maximum velocity too near the rear of the hole, however
this boundary condition certainly produces a profile closer to the measured shape than

a constant velocity condition. For the other variables in this second type of boundary
condition, U and W were still set to zero (as implied by the above equation), but the
boundary conditions on the turbulence quantities were made more realistic since it was
known that the length of the jet supply pipes allowed fully-developed flow to form ac-
cordingly the turbulence intensity level which fixed the k value in the jet exit was rai-
sed to 7 per cent a value representing the area averaged turbulence level in fully deve-
loped pipe-flow, the jet diameter was still used as the length scale in calculating c.

In the next section results will be pkI'sented which were obtained with a finite-
difference grid consisting of 20x20x30 nodes (in the y, z, x directions respectively).
Non-uniform spacing was used in an attempt to cluster grid nodes in regions where rapid
variations were expected. Because of the relatively small dimensions of the solution
domain in the y-z plane, it was decided to use uniform spacing in these directions but
finer grid spacing was adopted in the axial direction near the hole and increased geome-
trically in the up-and downstream directions, for the S/D=4 calculation, a total of 16
nodes lay within the half-hole inside the solution domain and this number increased to
35 for S/O-2. Because of the complex three-dimensional flow field and the use of upwind
differencing, which is known to introduce numerical diffusion errors on coarse grids,
it is necessary to investigate how grid independent are the solutions to be presented.
The grid-dependence results are shown on figure 7 in the form of axial velocity profiles
on the centre-plane for S/0=4. H/0=4. It can be seen that the solutions are particular-
ly sensitive to changes in the grid size in the close to discharge region, this is most
apparent in the growth of the wake region behind the jet. This does not extend to the
X/0-4 location in the coarse grid case but shows an appreciable negative velocity region
with the finest grid run. In addition, noticeable peaks in the maximum axial velocities
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at X/0-2,4 start to appear as the grid is refined. Both these features are symptomatic
of a reduction in numerical diffusion which tends to smear out peaked profiles and leads
to additional diffusion of momentum from high momentum to low momentum regions and thus
causes a "filling in" of wake regions. Although it can be presumed, on the evidence of
figure 7, that the addition of extra nodes in the near discharge region would have
brought about still further changes in the profiles, it can also be seen from figure 7
that the solutions downstream of X/D=4 are not very dependent on the grid size, so that
trends observed in the results at these locations are not strongly influenced by numeri-
cal errors. Further grid refinement was impossible as the 20x20x30 calculation employed
the maximum accessible core-store on the IBM 360/195 machine used. A typical calcula-
tion involved 300 iterations to converge using 1200 K bytes of core store and about 80
minutes CPU time.

Figure 8 indicates that the two jet exit boundary conditions yield very similar re-
sults for the S/0=4, H/D=4 configuration. The distortion of the exit velocity produced
in the constant total pressure case was such that the jet velocity was decreased at the
leading edge and in the front portion of the hole by about 20% fror its mean value (lo-
west velocity z 20 m/s and increased at the edge of the hole and towards the rear by
about the same amount (maximum velocity : 30 m/s). This distorted profile produces dif-
ferent values of the local strain rates which were observed to be higher in the constant
total pressure case; these largervelocity gradients generate more turbulence and hence
lead to larger values of the turbulent viscosity than in the solution assuming constant
jet velocity. Consequently the axial velocity profiles show a smaller wake region and a
slightly decreased penetration of the jet (more rapid diffusion of the vertical momentum)
for the constant total pressure condition.

It was alsocGnfirmed that the higher levels of turbulence energy are produced predo-
minantly by this extra generation effect described above and not due to the increased
level of turbulence energy in the jet used in the constant total pressure condition.
The same observations hold for the changes produced by altering the jet exit conditions
for the case of a pitch-to-diameter ratio of 2, but now the effects are larger. Figure
9a presents the axial velocity profiles at four locations downstream of the discharge
plane for the centre-plane and figure 9b similar results for the mid-plane conditions.
In the case of constant jet velocity, the lateral mixing is not rapid enough to prevent
the free-stream penetrating between the jets, although some distortion of the profile
can be observed in the appearance of wake-regions on the mid-plane at X/0=4 and 6, the
centre-plane profiles exhibit however the same inverted S-shape as was observed in the
S/0-4 calculations. The imposition of the constant t~tal pressure condition produces
a markedly different behaviour. The increased strain-rates induced by the distorted
jet exit profile (the efflux velocity variations are approximately the same) are enhan-
ced now by the proximity of the jets. The additional mixing enables the jets to coalesce
rapidly in the lateral direction as can be seen from the nearly identical shapes of the
profiles at X/0=4 on centre-plane and mid-plane. This trend towards a two-dimensional
jet implies that the free-stream can no longer penetrate the gaps between the holes and
must be accelerated over the jets, causing the maximum axial velocity to lie nearer the
upper wall in the constant total pressure case. The additioral turbulent mixing has also
caused the wake region behind the jets to become very much smaller (it lies completely
upstream of X/0=2) and the inverted S-shape profile is no longer observed. The sensiti-
vity of the calculations to the usually unknown profiles at the jet exit for low values
of the pitch to diameter ratio is an undesirable feature which will be returned to in a
later section.

It must be stressed however that these changes in the solution have not been brought
about due to any change in the effective momentum flux ratio or velocity ratio (jet to
freestream) implied by the switch from one boundary condition to the other. An evalua-
tion of the momentum mean velocity in the jet using the constant total pressure condition
(fjetpV

2
dA/fJetPVdA) showed that the effective velocity ratio had only increased by about

one per cent from the value of 2.3 used in the constant velocity boundary condition cal-
culation.

COMPARISON WITH MEASUREMENTS

Figures 10 to 12 present comparisons between predicted and measured axial velocity
profiles on the centre-plane for four cross-stream planes X/D=4, 6, 8 and 10 and for
three combinations of duct height to diameter and pitch-to-diameter ratios, at two pla-
nes, X/D=4 and 8, a comparison is also presented for the profiles on the mid-plane. The
results in all cases were obtained with the constant total pressure boundary conditions
In figure 10 the case of S/0=2, H/0=4 shows the worst agreement in that the shape of the
profile is incorrectly predicted at X/0=4, although the close to two-dimensionality of
the flow is correctly predicted. The measurements still exhibit the inverted S-shape at
X/O=4, although in this low pitch-to-diameter ratio case this has all but disappeared by
X/0=B; it persists in the other cases at the furthest downstream stations(see figures
11, 12). The increased rate of mixing in the calculations is unlikely to be caused pre-
dominantly by numerical diffusion since it was brought about by a change in boundary con-
ditions with a fixed grid. It is more probable then that the turbulence model has mere-
ly overestimated the level of mixing causing one beneficial effect (stronger lateral mi-
xing produces a jet coalescence and two-dimensional flow as in the measurements) and one
negative effect (stronger vertical mixing causes the wake region to shrink and the inver-
ted S-shape profile to disappear much more rapidly than in the measurements). It is im-
possible to separate these two effects with the present level of turbulence closure which
uses a scalar eddy viscosity and hence increased lateral mixing must be accompanied by
increased vertical mixing. It must also be said, however, that the sensitivity to the



jet exit boundary conditions for this case calls into question the validity of the as-

sumptions made in implementing the constant total pressure condition (particularly the
assumption that the U and W velocities are both zero). It would be interesting to un-
dertake a more accurate treatment of the exit profile specification by performing also
a calculation of the flow within the jet supply pipe which could interact with the jet.
in crossflow solution to produce (after several repeated, linked calculations) a set cf
conditions at the jet exit plane (which would be common to both calculations) consistent
with the approaching jet flow d-torting in response to the conditions in the wind-tunrEl,
but without some of the simplifications used in the present work. This techniqie has
been used successfully in reference 8 for a single jet in crossflow but is obviously

more necessary in the case considered in figure 10 as the discussion in the last section
on sensitivity to jet boundary conditions indicated. Examination of the profiles for
S/0=2, H/O=4 reveals a discrepancy in mass flow rates between measurements and calcula-

tions (seen most clearly at X/O=5l. This is due to the assumed value of free-stream ve-
locity used in the calculations, subsequent checks indicated that for this flow U
had been somewhat lower, and hence the velocity ratio had assumed a slightly higher value
of 2.6. Thus, in this case, it may also be noted that the lack of correspondence betweer
measurements and calculations at the downstream stations(but not upstream) is almost en-
tirely due to this mass-flow discrepancy, fortunately this did not occur in the other
cases measured where the free-stream velocity was confirmed to be constant at 10.8 m/s.

The effect of increasing jet spacing is shown in figure 11 and the agreement between
predictions and calculations is satisfactory. The free-stream penetration through the
gaps can be clearly seen in both predicted and measured mid-plane profiles on X/0:4 and
8 and the shape of the centre-plane profile is predicted correctly. This inverted S-sha-
pe is typical of the strongly three-dimensional flow generated by rows of jets in confi-
ned cross flow the vertical flow structure takes on a three-layered nature with the ac-
celeration of the free-stream causing the upper velocity peak, the wake behind the jets
causing the central low velocity region and the re-developing boundary layer on the bot-
tom wall representing the fluid sucked into the low pressure region behind the holes but
not totally entrained by the jets themselves. The peak in velocity caused by free-strum
acceleration is underpredicted at X/D=4. It is possible that this local peak has been
smeared out by numerical diffusion errors in the upstream, near-discharge region, al-
though it is believed that the general shape of the profile is not adversely affected by
this problem. The rate at which the profile flattens out in the vertical direction as
we proceed from X/0=4 to 10 is well predicted, being if anything slightly too slow.

Figure 12 allows comparisons for the case where H/D is increased to 8 at a constant
pitch-to-diameter ratio of 4. Once again, the inability to resolve local peaks can be
identified at X/0=4 and 6 and this is almost definitely due to numerical diffusion errors
since a uniform grid distribution in the vertical direction with only 20 points is cer-
tainly not suitable for this flow which remains within Y/O=4 over the whole downstream
distance. A comparison of the location of the velocity maxima with figure 10 indicates
slightly greater jet penetration which is to be expected for an increase in H/O. Once
more the overall rate of smoothing out of the vertical profiles with increasing down-
stream distance is fairly well predicted.

Finally, on figures 13a and 13b the effect of decreasing the tunnel height to an
H/O value of 2 is quantified using calculated results. The profiles on the centre-plane
may be compared, figure 13a, with the predicted results for H/D=4 and figure 13b compa-
res the same two configurations for the profiles at an off centre-plane location (Z/D=
S/4). That impingement has occurred can be clearly seen at X/0=2 where the maximum ve-
locity has risen above the Y/0=2 level in the case of H/O=4, but this is of course im-
possible when the tunnel roof is brought down to H/0=2. Jet bifurcation occurs when
the wake region itself impinges on the upper wall downstream of X/O=4 causing an enhan-
cement of the secondary flow in the cross-stream plane which results in a stronger ten-
dency to two dimensionality in the case of H/0=2 and the maximum velocities to lie near
the bottom wall and at off centre-plane locations. At a velocity ratio of 2.3 however,
even with the upper wall at 20 distance impingement occurs some distance downstream of
the discharge plane and is not strong enough to cause backflow velocities near the up-
per wall as observed in the single jet case of references 3 and 5 at higher velocity
ratios.

CONCLUSIONS

The main conclusions drawn from the present work are as follows

1) Measurements of a single row of jTts in confined crossflow indicated that for a velo-
city ratio of 2.3 no impingement occurs for duct heights of 8D and 40, even for a
pitch-to-diameter spacing oX 40.

2) The effect of reducing S/0 from 4 to 2 could be clearly identified in the measurements
by a rapid lateral coalescence, loss of individual jet identity and the appearance
of a practically two-dimensional flow.

3) Calculations using a 20x20x30 finite-difference grid and a two-equation turbulence
model were found not to be grid-independent in the near-discharge region (0(X/0*4)
but results further downstream were not strongly affected by nunierical errors.

4) The rapid jet coalescence and trend toward twu-dimunsional flow behaviour were pre-
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dicted in the lower pitch-to-diameter ratio case only when a constant total pressure
boundary condition was used at the jet exit. In this calculation it is also believed
that the turbulence model, whicn uses a scalar eddy viscosity, was overestimating the
rato of mixing in the vertical direction causing the profile shapes in the near-
field to be wrongl, predicted.

5) The calculation for the S/D=2 flow was shown to be very sensitive to the boundary con-
ditions at the jet exit and more work is required here to investigate a method for
calculatin& these boundary conditions more accurately.

6) The calculated results for the larger pitch-to-diameter ratio case were in good agree-
ment with the measurements for both H/D ratios measured, apart from the failure to
resolve the locally peaked shape of the velocity profile in the near-field that was
probably mainly due to numerical diffusion problems.

7) A lowering of the tunnel roof to a height of 2 jet diameters produced impingement of
the jets which could be clearly identified in the calculated results. The impingement
even at this H/D value was however fairly far downstream and the solution indicated no
region of reverse flow near the tunnel roof.
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Figure 1 Schematic of multiple jets (dimensions in mm)
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Figure 2 Velocity and concentration contours at two
downstream positions for duct height 80 and
a pitch-to-diameter ratio of two
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SII'MARY

The first part of the investigation was concerned with the development of a let emerging from a full
span narrow slit at the trailing edge of a thin aernfoil in a wind tunnel. The jet could therefore be
regarded as two-dimensional. Three angles of jet inclination to the main flow were tested (1n, 2n0 and
300) and two values of the ratio of the undisturbed stream velocity to the jet exit velocity (0.21 and
(0.33). For the second part, half the slit was blocked resulting in a finite span jet with a streamwlse
edge, and the development and 'rolling up' of the edge region was studied for a jet inclination angle of
302 . The measurements covered mean flow and turbulence characteristics.

The mean velocity distributions in the two-dimensional jets showed a ready tendency to similarity
with distance downstream from the jet exit, but the turbulence characteristics in the upper and lower
halves showed significant differences cnnsistent with the known effects of streamline curvature. The
finite jet assumed a dumb-bell shape in section, the edge region growing inwards with distance downstream.
There were significant differences between the mean velocity and streamwise vorticity distributions and
their peaks followed markedly different loci.

1. INTRODUCTION

Over a period of nearly two decades investigations have been made into the characteristics of planar
or 'two-dimensional' turbulent jets in a co-flowing stream at Queen Mary Collene, London, beginning with
the work of Bradbury. The earlier work was concerned with the case where the jet was directed parallel to
the direction of the undisturbed external airstream, and this work has been described in Ref. 1, 2, 3 and 4.
More recently we have directed our attention to the case where the jet is initially at an angle (e) to the
undisturbed external stream direction. Feik (Ref. 5) examined the jet flow development with e = In' and
200, and later Pontikis (Ref. 6) investigated the flow with 0 = 300 . Further, by blocking part of the slit
from which the jet emerged at the rear of a thin aerofoil Pontikis extended his investigation to the
streamwise edge region of the jet with e = 300 .

This work on inclined jets is the subject of this paper. Its practical interest lie ir the use of
jet flaps and blown flaps for STOL applications, hut it also presents features of fundamental fluid
dynamic interest, not least being the effects of streamwise curvature on the turbulence characteristics
of the jet. In what follows we find it convenient to refer to the unblocked Jet as the 'two-dimensional
jet' and the partially blocked jet as the 'three-dimensional jet'. Except where otherwise indicated, the
results for e = 3n° are used to illustrate the main features of the deflected jet flow where they are
similar for all three deflection angles tested.

2. EXPERIMENTAL DETAILS

2.1 The two-dimensional jet,

The experiments were made in a wind tunnel of wnrking section 1.24 m x 1.000 in which the free
stream turbulence level was 0.03",. The model is illustrated in Fig. 1. It consisted of a thin hollow
wing of chord 71 cm spanning the tunnel with a nozzle along its trailing edge between two false side-walls
46 cm apart. Air passed from a blower into a settling chamber and thence into the wing where it *Vas
turned by guide vanes to emerge from the trailing edge nozzle as a planar jet. The initial deflection
relative to the main stream direction was achieved by suitahly shaping the nozzle. For deflection angles
of l0 and 200 single stage nozzles w.ere used hut for the deflection of 3n° it was found desirable to use
a two stage nozzle (100 + 2n0), see Fig. 1. This was done to minirise the extent of flow separation from
the upper surface of the nozzle and to ease the milling of the nozzle contours. The final slot width
varied slightly between 0.307 cm and 0.318 cm over the span. To avoid a leading edge separation bubble
associated with the 300 jet deflection the nose of the wing was drooped as illustrated in Fig. 1. The
droop required was estimated hy means of the jet flap theory of Spence (Ref. 7) and its effectiveness was
confirmed by the observed behaviour of wing surface tufts.

The undisturbed free stream velocity (11) used for these tests was 12 m/s and two jet exit velocities
(Uj) were tested corresponding to values of U.j = 0.21 and 0.33. Initial calibration tests showed the

velocity in the jet at the nozzle exit to be uniform .'ith a turbulence intensity of V).0l% over about 2/3
of the nozzle width (h), the remaining third being occupied by the internal boundary layers of the nozzle.
Along the span the total pressure was found to he uniform apart from the internal boundary layers.

* Now in the Department of Aernnautlcs, Imperial College, University of London.

+ Now in the Aerndynamics Division, Aeronautical Research Laboratories, Melbourne, Victoria, Australia.
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All the measurements were otherwise made in the mid-span longitudinal plane in the form of vertical
traverses across the jet and surrounding free stream at stations from near the jet exit to about
120 nozzle widths downstream. Quantities measured were total and dynamic pressures, using pitot and
static probes, mean velocity components (U,V) and the three Reynolds stresses u-7, v and Ev using single
and cross hot wires. To mininise alignment errors the traversing probes were set parallel to the
direction of the maximum velocity locus in the jet for each station. This locus was determined in
preliminary tests. The notation used is illustrated in Fig. 2.

2.2 The three-dimensional jet.

The model was that of the two-dimensional tests with the deflection angle e = 3n° but with the nozzle
exit blocked over half its span, see Fig. 3. In this case, therefore, the exit slot had an aspect ratio
(span/width) of about 72. The spanwise position of any traverse is denoted by S, where S is non-dimensional
in terms of the open exit span (usually quoted as a percentage), thus S = 100% denotes the position where
the blockage started and the jet ended.

Only one jet velocity was tested corresponding to U./U = 0.21. The traverses were made with the
same probes as before and provided the total and dynamic pressures, the mean velocity components (U,VW)
and the five turbulent Reynolds stresses, namely -T6, 72, T, 77 and 7%1 (the Z axis lies parallel to the
trailing edge, see Fig. 3). As before the measurements were made for a series of streamwise stations (X)
ranging from close to the nozzle exit to 120 nozzle widths downstream, hut in each traverses were made for
values of S ranging from about 20% to about 100%.

3. RESULTS AND DISCUSSInN

3.1 The two-dimensional jet. Mean ouantities.

3.1.1 Velocities, jet thicknesses and momentum flux.

The maximum velocity loci which define the shapes of the centre-lines of the jets are shown in Fig. 4
for the combinations of e and 1J1LU i tested. Not unexpectedly, the loci curve more readily back towards
the main stream direction with 'increase in U/i.

P
Fig. 5 shows the velocity traverses adjacent to the jet at various streanwise stations for e = 300

and the two values of U /U. tested. Ures is the resultant velocity at a point and Nref is the value of

Ures for the particular profile at large negative values of vL/6. YL is the vertical distance (positive
upwards) from the jet centre-line (see Fig. 2), 6 is a measure of the jet thickness and its definition is
also illustrated in Fig. 2. Thus, the local free stream velocities just above and below the jet are
denoted by Uel, Ue2 respectively, and the maximum velocity in the jet is denoted by U,. Hie then write

Unl = UpI - Uel U02  U m - U e2. (1)

For the upper half of the jet we write

61 = value of YL where U Uel = U0 1/2, (2)

and for the lower half of the jet

62 = value of -VL where U - P2 = U02/2, (3)

and we define

26 = 6 1 + 6 2" (4)

We see in Fig. 5 evidence of the wakes of the boundary layer from the upper and lower wing surfaces
adjacent to the jet. The wake from the upper surface is quite strong initially as a result of some flow
separation over the convex upper surface of the nozzle. However, for X/h = 37.5 and beyond this wake has
been absorbed in mixing with the jet when UJ1i = 0.21. For the lower surface the boundary layer wake
is much smaller and is more rapidly absorbed. ' Pith UJlfi = 0.33 the jet is relatively i'eaker and the
upper surface separation is more marked, some evidence of the wake is still to be seen at X/h = 57.8 and
the lower surface wake is also slower in being absorbed.

Fig. 6 presents normalised forms of the velocity profiles for e = 30, i.e. (II - IJ )/IOn as a
function of y/6, where y is the distance normal to the maximum velocity locus and n = 1,2 for the unper
and lower halves of the jet, respectively. The corresponding profile for Bradbury's undeflected jet is
shown for comparison by the solid line. 1-e note the remarkahle tendency towards similarity in spite of
the jet inclination even for traverses quite close to the jet exit where there is still evidence of the
unabsorbed wing surface wakes. However, we must hear in mind the differences between Hel and Ue2 as well
as between Al and 6 and these are illustrated in Fig. 7 and 8 for e = 3n0 as functions of s/h, where s is
the distance alontJ the Jet centre-line from the nozzle exit. The facts that initially Ue2 > Uel and
S >A 2 result fron the strong wing upper surface wake associated with the flow separation over the nozzle,

but further downstream Ue2 < Jel, as night be expected, and 62 > 61, the reason for which we 0ill discuss
later.

The results for o = 100 and 200 show the same readiness to similarity when normalised, and the
differences between Uel and 1e2 as "ell as between 61 and 62 decrease with reduction in 0.
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We define jet momentum flux coefficients for the upper and lower halves of the jet at any station X/h
as

J1/h - U(U- Uei).dy / U2l.h, (5)
0

and
J2/h a f0U(U -Ue2).dy / U 2.h, respectively, (6)

and write

J - Jl + J2" (7)

Fig. 9 shows J/h as a function of X/h for the values of e and 11 /Uj investigated. As might be expected,
far downstream where the factors that can influence momentum flux have largely disappeared (e.g. pressure
gradients and normal Reynolds stresses) J/h tends to a constant value which decreases with increase of e
and of U /U.,

It has been suggested by Bradbury and Riley (Ref. 2) that the far downstream value of J is a more
fundamental length scale than say h. Y4e have accordingly taken Jref as the value at the last downstream
position and Fig. 10 and 11 show plots of (Ue/UO)2 and /Jref as functions of S/Jref . Here Ue=(IJel + Ue2)/2

and Uo = Uol + Uo2 . For U_/IJ = 0.21 there is an encouraging measure of collapse of the results

consistent Wih undeflected jet data (Ref. 3 and 9) but for 11'/1 = 0.33 the collapse is not quite so good,
perhaps because of the stronger initial disturbances.

3.1.2 Entrainment rates and flow directions.

If we write ;l and A2 as the rates c' .aass flux across a section of the upper and lower halves of the
jet then the corresponding volume entrainment rates are

E1 = (6i/ds)/p and E2 = (d2/ds)/D . (8)

The total entrainment rate is

E = E1 + E2  (9)

Fig. 12 shows E/Uh and (E2 - El)/I) h as functions of s/h for Uj1Ij = 0.21 and e : 300, and it also shows

= E2/El as a function of s/h for e = 200 and 300. (10)

It is evident that there is continuous entrainment into the jet, as one might expect, but the entrainment
for the lower half of the jet is significantly greater than for the upper, almost twice as great by
s/h = 120. Qualitatively similar results were obtained for both 6 = 100 and 200 and we see that A is
almost the same function of s/h for e = 200 as for e = 300.

Measurements of the flow inclination angles across the jets at various stations downstream from the
nozzle also reflect the greater entrainment rate into the lower half of each jet as compared with the
upper half, although the effects of the initial flow separation over the upper surface of the nozzle tend
to mask this close to the nozzle. However, one can deduce from these measurements the angle between the
flow direction on the centre line and the local tangent to the centre line. This angle was found to be
positive, i.e. there was a flow across the centre line from the lower half of the jet to the upper, and
for a = 300, U /Uj =.21 , it varied from 1.850 for s/h = 18 to 0.30 for s/h = 125. The corresponding
values of the velocity component normal to the centre line varied from about 0.11 U to 0.01 UJ. This
flow evidently helps to preserve the overall symmetry of the normalised velocity profile.

3.1,3 Turbulence ouantities. Curvature effects.

Fig. 13a, b, c, show the distributions of -T/U 2, 7/,U2 , and -- / U2 as functions of n = y/6 for the
three stations X/h = 9.1, 57.8 and 120, for e = 300 and 11/Ui = 0.21. Initially these turbulent stresses
attain relatively greater values in the upper half of the jet than in the lower but they decrease more
rapidly with X, so that further downstream (beyond about X/h = 40 they are somewhat smaller in the upper
half than in the lower. Similar results were obtained for e = 10 and 200 and for U/J1 = 0.33.

A plausible explanation for these results can be sought in the longitudinal curvature of the jets.
It was demonstrated by Bradshaw (Ref. 8) that streamline curvature has a large effect on the turbulence
structure in turbulent shear flow, tending to enhance the larger eddies and the associated mixing process
when the centre of curvature is in the direction of positive mean shear. This occurs for a turbulent
boundary layer on a concave surface; conversely over a convex surface, there is enhanced damping of the
turbulence due to the curvature. Hence, we may expect the lower half of our test jet to have its
turbulence enhanced by the curvature induced by the main stream whilst that of the upper half would be
reduced with consequent effects on the mixing rates.

This conclusion accords well with our results after allowance is made for the initial but generally
localised effects of the flow separation over the upper surface of the nozzle.

Bradshaw suggested that there was an analogy between curvature and buoyancy effects and a form of
Richardson number could he invoked to quantify curvature effects. In its simplest form for a thin shear
layer of small curvature this Richardson number is

R - 2U/ ( U/ay) (11)
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where R is the local radius of streamline curvature, positive if the radial direction from the centre of
curvature is in a positive sense. Bradshaw suggested that the curvature effect can he represented by a
correction factor to a typical turbulent length scale (e.g. mixing length) of the form

F = I - C.R1  (12)

where C is of the order of 5-10.

Typical values of C derived from our measurements for n = 1.0 are:

U_/Wj X/h = 57.8 98.3 12n 159.1

.21 e 200 8.1 5.1 6.2

.21 e 3n
°  7.8 12.1 14.7

.33 a 300 2.6 11.0 10.2

These values of C are of the same order as predicted by Bradshaw but indicate some denendence on flow
history. The low value for X/h = 57.8 when Ii/Ij = .33 and e = 300 is probably due to the effects of the
initial flow separation which had not been completely absorbed by then. The measured values of 6/R and
Ri at n = 1.0 are illustrated in Fig. 14a and h. These values are small but not insignificant.

Because of the asymmetry of the turbulence structure and the longitudinally varyingQurvature one
cannot expect clear evidence of its self-preservation at some stage. However, plots of u2/-U, -/U, -/U
and u7v/U6 against n showed relatively little change with X/h beyond X/h = 60, suggesting some measure of
self-preservation by then. W.e recall gradhurv IRef.l,2) found self-preservation after X/h 3P for a non-
inclined jet. Ile also note that a plot of u/U as a function of Le/U o (Fig.15) shows reasonable agreement
with the results for an undeflected jet dueuto Rradbury and Riley (Ref.3) except for the cases when
U,/Uj = .33 and e = 200 and 300. In the latter cases the stronger effects of the initial flow seoaration
evidently augment the turbulence level on the centre line in a way that persists far downstream.

3.3 The three-dimensional jet. Mean quantities.

3.3.1 Velocities.

Fin. 16 shows the spanwise distribution of mean velocity contours in a number of planes at various
stations downstream of the nozzle exit. YE denotes the vertical distance below the horizontal plane
through the nozzle exit. Ile see that we can regard the jet development as m-ade up of two parts, an inner
region (which we call the jet region), in which the flow details are broadly similar to those of the two-
dimensional jet, and an ouer rgon (the edge region), in which the flow is complex and determined by
the interaction of the jet and its streamline edge to the external flow including the wake from the
adjacent blocked part of the wing.

In the jet region we find the same ready tendency to similarity of the normalised transverse velocity
profiles to a symmetrical form as in two dimensions. The maximum velocity as a function of X/h is
slightly higher than in two dimensions and its locus lies somewhat lower than in two dimensions; this is
presumably due to the downwash induced by the trailing vorticity that develops in the edge region. We
shall return to this later, but it will be clear that since lift is generated on the wing, largely
because of the jet, trailing vorticity must be present in the jet which is mainly concentrated in the edge
region as for a wing of finite span.

Reverting to Fig. 16 we see that the edge region is initially marked by its extension in the
transverse direction normal to the jet plane. However, as it develops downstream it tends to spread
spanwise, so that its shape tends to become near-circular in section. By about X/h 1 120 the edge region
extends over almost all the jet span. lie may also note that the maximum velocity (as well as maximum
total pressure) for any value of X/h downstream of X/h > 10 occurs in the edge region and not in the jet
region. This suggests that the mixing in the inner part of the edge region is somewhat less vigorous than
in the jet region. It is noteworthy that the maximum velocity loci in the inner and outer regions move
downwards together with downstream distance, - the velocity contours do not reflect the curling upwards
of the edge region that one associates with the trailing vortex wake from a wing of finite span.

3.3.2 Vorticity.

The transverse components of the mean velocity have been plotted as vectors for different X/h
stations and some of the results are illustrated in Fig. 17a and b. The vortex-like character of the flow
in the edge region is now clearly visible as is the expected spanwise flow component outwards below the
jet and inwards above it. There is also evidence of a weak vortex of opposite sign to the main one in the
upper half of the jet just inboard of the main vortex.

To examine this in more detail the distribution of the streamwise vorticity component & in a given
plane X/h - const. was determined from the data and the enuation:

-h=a1l / (13)

where 14 and V are the lateral and transverse mean velocity components, respectively. Fin. 18a and b shows
the resulting iso-vorticity lines for X/h = 17.2 and 98.3. No great accuracy can be claimed for these
results but they show clearly the presence of two secondary regions of vorticity on the inner perinhery of
the main one, the lower one is in the same sense as the main one but the upper one is of opposite sense.

If we define the centre of the vortex nattern as the position of maximum vorticity then we find that
its locus is well above the locus of maximum velocity and it does not move markedly inwards with distance
downstream as does the latter locus. The difference between the two loci is illustrated in Fig. 19.

downtrem asdoe
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It is of interest to note that the maximum velocity position for any downstream station lies in the
region between the main region of vorticity and the secondary regions. It seems plausible that in this
somewhat quiescent region the mixing is less vigorous than in neighbouring regions and hence a higher
total pressure and velocity persist there.

3.3.3 Turbulent stresses.

Fig. 20a, b, c, show distributions of the five Reynolds stresses measured for S = 46% at the stations
X/h = 17.2, 57.8 and 120. We can again note the somewhat higher values in the lower half of the jet
region than in the upper half, as in two dimensions, to be ascribed to the effects of curvature.

The distribution of the stress W reflects the spanwise variation of U with Z, which after the
initial disturbances have died out tends to develop a positive gradient consistent with the maximum
velocity occurring in the edge region.

Fig. 21a, b, c, show the corresponding distributions for S = 90%. Here we are in the edge region and
the curves differ markedly from those of the jet region. He note the greater transverse extent of the
region in which the stresses are of significant magnitude, and we also note the larger magnitudes in the
lower half of the region. The position of the peaks is in the region of maximum streamwise vorticity.

4. CONCLUSIONS

Two-dimensional deflected jet.

1) Initial disturbances with UJUi = .21 were readily absorbed by about 40h downstream of the jet exit.
But with U/U- = .33 and e = 200 ana 3M0 the initial disturbances were stronger due to flow separation
from the nozzle upper surface, complete absorption then required a distance of about 60h (Fig. 5).

2) However, the normalised mean velocity distribution across the jiet attained .imilarity in all the
cases tested by about 20h (Fig. 6).

3) The turbulence characteristics and associated entrainment rates showed significant Jifferences
between the upper and lower halves of the jet which can be plausibly explained in terms of longitudinal
curvature effects (Fig. 12, 13, 14).

4) There was a flow across the jet centre line from the lower to the upper half.

5) The jet momentum thickness far downstream provides a useful reference length in collapsing the data
in non-dimensional form for jet thickness and maximum velocity as functions of downstream distance
(Fig. 10, 11).

Three-dimensional deflected jet of finite span.

6) The development of the inner, or jet, region was much the same as for the two-dimensional jet, but
its spanwise extent decreased with downstream distance.

7) The outer, or edge region, grew at the expense of the inner region and its iso-velocity contours
changed from being elongated transversely to a near-circular shape with distance downstream (Fig. 16).

8) The maximum velocity locus moved inwards with distance downstream but was located in the edge region
at much the same height as the peak velocity in the jet region (Fig. 16).

9) A strong streamwise vorticity component developed in the edge region similar to that in the vortex
wake of a lifting wing. However, there were two weaker secondary regions of streamwise vorticity inboard
of the main one, one in the upper half of the jet and of opposite sense to the main one and the other in
the lower half and of the same sense as the main one (Fig. 17 & 18).

10) The locus of peak streamwise vorticity lay above the level of that of maximum velocity and its
spanwise position changed little with distance downstream (Fig. 19).

11) The position of peak turbulence intensity coincided roughly with that of maximum streamwise vorticity
in the edge region.

12) These results present an interesting if severe test case for those attempting to model three-dimensional
turbulent shear flows.
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RESONANT ENTRAINMENT OF A O)NFINED PULSED JET

Pradip G. Parikh*

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California 91103, USA

Abstract

This paper reports the discovery of a new resonant entrainment phenomenon associated with a con-

fined, pulsed jet flow. It was found that a confined jet, when pulsed at an organ-pipe resonant fre-

quency of the confinement tube, experiences greatly enhanced entrainment and mixing near the exit end of

the confinement tube. Both visual and quantitative evidence of this phenomenon is presented. The new

effect should be of considerable interest in ejector and combustor design, both of which benefit from any

enhancement in mixing between a primary and a secondary flow.

Introduction

Rapid mixing of a primary jet flow with entrained or a coaxially flowing secondary flow is of great

importance in many applications as diverse as ejectors, combustors, and chemical lasers. The importance

of Increasing the mixing rate between primary jet flow and entrained flow in a thrust-augmenting ejector

was stressed by Quinn (1], who showed that the thrust augmentation was directly proportional to the

degree of mixing attained at the ejector exit. In an industrial burner utilizing gaseous, liquid, or

particulate fuel, rapid mixing In the reaction zone is of utmost importance for compactness, high com-

bustion efficiency, and improved homogeneity which is beneficial for control of pollutant formation 12].

Several Investigators have used deliberately introduced unsteadiness to improve the mixing rate of

jets. In an investigation primarily aimed at study of large-scale orderly structures in a turbulent jet,

Crow and Champagne [31 found that, even at amplitudes of excitation as low as 22, the entrainment rate in

the first six diameters from the jet exit plane increased by 20Z over the unforced case. Binder and

Pavre-Marinet [4 used a spinning butterfly valve upstream of a nozzle to produce amplitudes of pulsa-

tions up to 40Z of mean velocity. Both the decay of the centerline velocity and the spreading distance

of the jet were strongly affected by pulsations. Their co-workers Curtet and Girard [51 conducted a

visualization study of pulsed jets and provided smoke and Schlieren pictures of puff formation. Brem-

horst and co-workers (6,71 studied both fully pulsed and pulsed-core jets and attributed the increased

entrainment of pulsed jets to their inherently larger entrainment interface structure. They also found

lesser entrainment rates for pulsed-core jets as compared to a fully pulsed jet [71. Viers [8] utilized

a feedback fluidic loop to produce a flapping two-dimensional jet nozzle for V/STOL application and

reported marked influence of this introduction of oscillating transverse velocity component on jet

spreading rates.

During the course of their investigation of jet mixing rates, Hill and Greene [9] discovered the

phenomenon of a 'whistler nozzle," in which a step change in the area of an extended nozzle resulted in

self-excited acoustic oscillations of the jet and led to significantly improved mixing rates, as evi-

denced by a rapid decay of the centerline velocity.

Recently, Habib and Whitelaw [1l0 reported measurements on velocity characteristics of a confined

coaxial jet and found that confinement has beneficial effects on the mixing rate of coaxial jets.

The present study describes a new method of greatly enhancing entrainment and mixing rates of jets

using both confinement and pulsing. It is shown that a confined jet exhibits a spectacular resonant

entrainment behavior when pulsed at frequencies coinciding with the organ-pipe frequencies of the con-

fining tube.

*mber of Technical Staff
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Resonant Entrainment Phenomenon

The resonant entrainment phenomenon was observed during the course of an investigation to study

effects of high-frequency pulsations on stagnation-point heat transfer. A schematic of the experiment is

shown in Fig. 1. The supply air is filtered, metered by means of a laminar flow element, and delivered

to a pulsing rotor device after passage through a settling chamber.

The details of the pulsing rotor device are shown in Fig. 2. The 0.318 cm (1/8 in.) diameter (d)

opening at the base of the 1.143 cm (0.45 in.) diameter (D) confinement tube Is opened and closed at

high frequencies (up to 7.5 kllz) by means of a pulsing rotor. The rotor has eighteen 0.318 cm (1/8

in.) diameter holes and is driven by a Variac-controlled motor up to speeds of 25,000 rpm. The motor

speed was measured directly by means of a photoelectric transducer.

The device thus produces a pulsed jet issuing from a 0.318 cm (1/8 in.) diameter orifice, whose

pulsing frequency may be varied in the range 0 to 7.5 kHz.

The maximum jet velocity was attained, obviously, when the rotor was in fully open position and

minimum when the rotor was in fully closed position. Due to the clearance between the rotor and the

casing, the minimum jet velocity (or flow rate) was non-zero. For a fixed upstream pressure, the ratio

of the flow rates for fully open position of the rotor to that at fully closed position (under stationary

condition) was approximately 2.2. For the same upstream pressure, the flow rate under rotor spinning

condition was approximately the average of the flow rates for fully open and fully closed stationary

positions. From these stationary measurements, the amplitude of the velocity pulsations of the jet

issuing from the orifice was estimated to be 37.5% of the mean velocity. This pulsed jet is confined by

a confinement tube of diameter D = 1.143 cm (0.45 in.) and length L - 11.1 cm (4.37 in.) before

issuing out into the ambient air. The region of Interest is immediately downstream of the confinement

tube exit plane.

Hot-wire measurements at the jet centerline, one diameter downstream of the confinement tube exit

plane, showed that the mean velocity there increased sharply In the neighborhood of certain characteris-

tic resonant pulsing frequencies. The peak velocities attained, together with corresponding resonant

pulsing frequencies, are plotted in Fig. 3. The peak velocities are normalized with respect to Uave,

where

Uave e 1)A2

Here a is the time-averaged mass flow rate as measured by the laminar flow meter (Fig. 1), pe  is

the exit plane density, and A2  is the confinement tube cross-sectional area. m was maintained nearly

constant during measurements at all frequencies. At the flow rates employed, Uav e  was approximately

10 a/s (33 ft/sec).

The horizontal dashed line In Fig. 3 shows the normalized centerline velocity value (1.37) for an

unpulsed jet for the same flow rate. This value was determined experimentally with the rotor stationary

and in the fully open position. It may be seen that the augmentation in the centerline velocity at some

resonant frequencies over the stationary value is up to 200%!

To provide an estimate of the half-width of this resonant behavior, measurements of centerline mean

velocity one diameter downstream from the confinement tube exit plane were taken In the vicinity of the

Vp - 2241 Hz resonance (Fig. 4). The vertical dashed lines denote the location and the magnitude of the

normalized peak mean velocity for adjacent resonances. The horizontal dashed line denotes the experimen-

tel (ucL/Uave)x-D value for the unpulsed jet at the same mean primary mass flow rate. Notice that the

half-width Is approximately 100 Hz and that the normalited mean velocity between resonances remains sub-

stantially higher than the unpulsed value of 1.37.

Significance of the Resonant Frequencies

The frequencies at which a local maximum in the centerline velocity was observed (Fig. 3) were

compared with the resonant frequencies of an open/ closed-ended organ pipe of the same length as the

confinement tube. The resonant organ pipe frequencies are given from (11] as

C
vn,o-c . (2n-l) j- , n - 1,2,3,..., (2)

n o It'
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Here L' Is the corrected length given by

L' - L + 0.3 D (3)

where L is the actual length and D is the pipe diameter [11.

Using the discharge tube dimensions of L - 11.1 cm and D = 1.143 cm (0.45 in.), together with

the speed of sound C = 344 m/s at 21"C,

C
Vo = - 751.6 Oz

The measured resonant frequencies for the resonant entrainment phenomenon are tabulated in Table I

and are normalized with the V
1
,o-c  value determined above. Notice that strong resonances are observed

when

(Vp/VI,oc) - 1, 3, 5, 7. 9

while weak resonances are observed when

(V /V c etc.

To ascertain that the "resonant" frequencies were indeed the organ-pipe resonant frequencies of the

confinement tube, different tube lengths ranging from 6 to 24 cm were employed. In all cases the phenom-

enon was found to scale on the organ-pipe resonant frequency based on the tube length employed.

Radial Profiles and Centerline Velocity Decay

Radial traverse of the jet one diameter downstream from the exit plane with hot wire showed that

high mean velocities persisted a considerable distance from the centerline. Figure 5 shows a comparison

between the unpulsed confined jet and the confined jet pulsed at the resonant frequency, f - C/4L' at

the same mean flow rate. Note that, under resonant pulsing, not only are the mean velocities substan-

tially larger, but so is the spreading distance. As the primary flow rate is the same for the two cases,

the substantially higher volume flow rate for the pulsed jet must result from increased entrainment.

This increased entrainment occurs only in the vicinity of the organ-pipe resonant frequencies of the

confinement tube; hence the phenomenon will be termed resonant entrainment.

The question now arises as to where the large increase in the momentum of the jet comes from during

resonant pulsing. To answer this question, we unsider the unpulsed confined jet, as shown in Fig. 6.

In this case, the high momentum of the small jet (of diameter d) is reduced considerably as the jet

attaches to the confinement tube wall and the mean velocity decreases to satisfy continuity. If we

assume an incompressible, one-dimensional flow at inlet and exit and neglect wall friction, a control

volume analysis shows that

A 1  d 2--A i W u (4)

-u A2 j A2 1 1 (D) IuA 5

and

2 ~2 r d2
1

P2,s - Pl,s u ()l - (6)

Also, for steady flow,

P2,s " Pa (7)

Thus, we see from Eq. (5) above that, under steady flow conditions, the momentum of the primary jet

is larger than that of the jet issuing at the exit of the confinement tube by a factor of (D/d)2 .

Furthermore, the decrease in the momentum is accompanied by an increase in the pressure from P1 ,5  to

P2,s - Ps- as shown by Eqs. (6) and (7) above.
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We shall next show that the momentum of the resonantly pulsed confined jet at the confinement tube

exit is comparable to that of an unconfined pulsed jet of diameter d at the same mean flow rate. How-

ever, the spreading rate and centerline velocity decay for the resonantly pulsed confined jet are much

more rapid.

The confinement tube of diameter D was replaced by a tube of the same length L but of a diam-

eter d, i.e., the same as that of the orifice. Radial profiles of velocity were measured at two axial

locations x/d - 24 and 48, where x was measured from the exit plane of the tube. The results are

shown in Figs. 7(a) and (b). The mean flow rate in all cases was maintained at the same value. Note

that the maximum spreading rate and centerline velocity decay are attained with case (iii), the reso-

nantly pulsed confined jet.

The centerline velocity decay measurements are further shown in Fig. 8. It may be seen that, for a

fixed mean flow rate, the initial decay (x/d < 25) of centerline velocity for the resonantly pulsed

confined jet is considerably more than that for either pulsed or unpulsed unconfined jet. At larger

axial distances, the centerline velocity values for the two pulsed cases approach the same value.

Direct Measurements of Total Entrainment

In an effort to estimate the augmentation in the total entrainment rate during resonances, the

pulsed jet was used in an ejector configuration (Fig. 9). The confinement tube was placed at the en-

trance end of a 15.24 cm (6 in.) diameter duct of 1.067 a (3-1/2 ft) length. The sum of the primary and

the entrained flow rates was measured at the exit end of the duct by means of a rotating vane anemometer.

The latter was calibrated in a wind tunnel for a relationship between the rotational speed and the flow

rate.

The total flow rate through the rotating vane anemometer, normalized with the time-averaged primary

flow rate, is shown in Fig. 10 for the resonant frequencies. The lower dashed line shows experimentally

measured (Qtotal/Q)p value for the unpulsed jet with D/d - 3.6, while the upper dashed line shows this

ratio for the case of D/d - 1.0 and f - 0. The primary flow rates in all cases are the same.

Comparing the two unpulsed cases at the same primary flow rate, the (Qtotel/Qp) ratio for the D/d

- 1.0 case is considerably higher due to the higher momentum of the primary flow (see Eq. (5)).

Notice that, under resonant pulsing conditions, the (Qtotal/Qp) ratio for the D/d = 3.6 configu-

ration approaches and even exceeds the unpulsed jet with D/d - 1.0. For a fixed geometry, D/d - 3.6,

the augmentation in (Qtotal/Qp) ratio at some pulsing frequencies is more than 200% over the unpulsed

value.

The effect of varying Qp on the (Qtotal/Qp) ratio is shown in Fig. 11. The data points repre-

sented by circles are for the D/d - 3.6 configuration, while those represented by triangles are for the

D/d - 1.0 configuration. In both cases the upper curve represents flow pulsed at a resonant frequency

Yp - C/4L', while the lower curve represents unpulsed flow.

In both cases of unpulsed flow, the (Qtotal/Qp) ratio levels off as is increased, while both

cases of pulsed flow attain a maximum in the (Qtotal/Qp) ratio. The augmentation in total entrainment

during resonant pulsing over the unpulsed value is only slight for the D/d - 1.0 case. This may be

partially accounted for by the difference in the initial momentum between a steady and an unsteady jet at

the same mean flow rate and the same diameter. For an unsteady jet, we may represent the phase-averaged

velocity as

<u> - u+u (8)

where u is the mean and u is the periodic component of velocity (u - 0). Then it may be shown that

the ratio of the time-averaged momentum of an unsteady jet to that of a steady jet with the same mean

velocity u may be expressed as

P< U >'2
-2 : + (9)Pu u

which is always greater than unity. The increase in total entrainment at resonant pulsing over the un-

pulsed value for the D/d - 1.0 case is about 20% at Q - 1.0 scfm. However, for the D/d - 3.6 case,
rpesonant pulsing augments the (Qtotel/Qp) ratio by 375? over the unpulsed value at Qp - 0.8 scfm.
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Finally, comparing the two pulsed cases, both with resonant pulsing at f - C/4L', the case of

D/d - 3.6 results in total entrainment rates higher than those for the D/d - 1.0 case over Vost of the

flow rate range. More significantly, this enhanced entrainment occurs in a much shorter distance from

the -confinement tube exit plane, as shown by the radial profiles in Fig. 7(a),(b), the centerline veloc-

ity decay behavior, Fig. 8, and confirmed by flow-visualization studies discussed below.

Flow-Visualization Experiments

The vane anemometer measurements showed that the total entrainment of the confined pulsed jet (D/d

- 3.6) approaches and even exceeds that of the unconfined pulsed jet (D/d - 1.0). What is more impor-

tant, however, is that the local entrainment and mixing rates immediately downstream of the confinement

tube exit are several times larger for the D/d = 3.6 case under resonant pulsing, as seen from the

radial profiles and centerline velocity decay behavior.

The dramatically enhanced entrainment and mixing rates immediately downstream of the confinement

tube exit were visualized by two methods: (i) methane flame and (Ii) smoke injection.

(I) Methane flame. Methane gas was introduced as the primary fluid and burned at the exit end of

the confinement tube (D/d - 3.6). Under resonant pulsing, the entrainment of ambient air was too exces-

sive to maintain the fuel/air ratio above the lean flammability limit, and it was necessary to-curtail

the entrainment by means of a shallow can mounted at the exit end of the confinement tube. Photographs

of the flame under no pulsing and resonant pulsing conditions are shown in Fig. 12. Fig. 12(a) shows

unpulsed methane jet burning freely in air. Fig. 12(b) shows the flame for the same mean flow rate of

methane, but pulsed at the resonant frequency vl,o-c. Notice the considerably shortened flame length

and the absence of soot-particle radiation, both of which are demonstrative of enhanced mixing and lean

combustion.

(11) Smoke injectlon. Smoke was introduced through a ring placed around the confinement tube,

slightly below the exit plaue. The objective was to trace the ambient air entrained by the jet issuing

from the confinement tube. The smoke was made visible by a strobe light source, which was pulsed in syn-

chronization with the pulsing rotor. Strong vortex interaction between the jet flow and the entrained

flow was revealed under resonant pulsing. Fig. 13 shows a photograph of the large vortices at the exit

from the confinement tube. No such large-scale vortex interaction could be detected under no pulsing and

off-resonant-pulsing conditions.

Mean Pressure Measurements

Recall that, under steady flow conditions, the pressure pl1 s at the base of the confinement tube

(D/d - 3.6) is lower than that (P2 ,s) at the exit, as shown by Eq. (6). Furthermore, the pressure

P2,8 at the exit is the same as the ambient pressure pa. A few preliminary measurements were made to

determine how this mean pressure distribution is affected by resonant pulsing. These measurements showed

that, as the fundamental resonant frequency was approached, the pressure distribution along the confine-

ment tube was markedly affected.

Under resonant pulsing, the mean pressure P2  at the confinement tube exit approached the value

Pl's' while the mean pressure P1  at the confinement tube base approached pa. This means that the

mean pressure near the exit of the confinement tube drops significantly below the ambient pressure pa'

causing a large quantity of ambient air to be drawn into the confinement tube. Furthermore, the jet

issuing from the orifice at the base does not seem to attach to the walls of the confinement tube and

appears at the exit as a small-diameter jet. Vigorous mixing between the jet and the entrained ambient

air takes place near the exit end of the confinement tube through a strong vortex interaction. These

observations are supported by the smoke-strobe visualization of the flow field shown in Fig. 13.

Conclusions

The investigation reported here has revealed the existence of a resonant entrainment phenomenon for

a confined pulsed jet. The enhancement in entrainment and mixing achieved with resonant pulsing are

impressive. The phenomenon should be of considerable interest in ejector and burner design, both of

which benefit from any enhancement in mixing between a primary and a secondary flow.
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From the foregoing presentation of measurements on the resonant entrainment phenomenon, it appears

that the following two requirements need to be met for the phenomenon to occur.

I) The primary flow must be pulsed at frequencies which are equal to (or one-half of) the

organ-pipe natural frequencies Vno-c of the confinement tube.

2) The diameter D of the confinement tube must be larger than the diameter d of the

primary jet orifice.

Evidently the augmentation in entrainment achieved under resonant pulsing will depend upon several

parameters, namely, the D/d ratio, the discharge tube length L, and the primary jet flow rate Qp.

This opens up the possibility of optimizing the entrainment by proper selection of these parameters.

The mechanism responsible for the resonant entrainment phenomenon appears to be twofold:

1) Under resonant pulsing, there appears a low mean pressure region near the exit end of the

confinement tube, which causes a large quantity of ambient air to be drawn in.

2) The resonantly pulsed confined jet does not attach to the wall of the confinement tube and

mixes vigorously with the entrained flow through a strong vortex interaction.

Clearly, more detailed phase-averaged hot-wire and pressure measurements, together with flow-visualiza-

tion techniques, will be necessary to uncover the underlying mechanism. Such an understanding will then

lead to quantitative estimation of augmentation in entrainment rates under the resonant pulsing condi-

tion.

The amplitude of pulsation in the present investigation was approximately 37.5% of the mean veloc-

ity, which results in the sound level approaching that of a siren. It would be of interest to explore

the minimum pulsation amplitude necessary to achieve resonant entrainment.

Table I

Qp - 2.250 scfm , v1.0-c - 751.6 Hz

V_ p (uCL/ave)x.D vp/Vl,o-c

Hz ----..-.

378 2.17 0.503 - 1/2
747 3.93 0.994 - 1

1132 2.67 1.506 - 3/2

1896 2.58 1.523 - 5/2

2241 4.08 2.982 - 3

2667 2.37 3.548 = 7/2

3448 2.61 4.588 - 9/2

3772 4.23 5.019.- 5

5336 3.71 7.100 - 7

6860 2.97 9.127 - 9

xI;



Nomenclature

A1  Cross-sectional area of the jet orifice (see Fig. 6).

A2  Cross-sectional area of the confinement tube.

C Speed of sound.

d Diameter of the jet orifice.

D Diameter of the confinement tube.

f Pulsing frequency.

L Confinement tube length.

m Time-averaged primary mass flow rate.

P1  Mean pressure at the confinement tube base under resonant pulsing.

P2 Mean pressure near the confinement tube exit under resonant pulsing.

Pi, Pressure at the confinement tube base, steady flow.

P2 ,s Pressure near the confinement tube exit, steady flow.

Pa Ambient pressure.

Primary volume flow rate.

Qtotal Primary + entrained volume flow rate.

r Radial coordinate.

r°  radius o f the jet orifice.

R Radius of the confinement tube.

u0 Jet velocity at orifice exit (see Fig. 6).

u1  Uniform jet velocity at confinement tube exit (see Fig. 6).

p Density

Vp Pulsing frequency.

Vn,o-c Resonant frequency of an organ pipe with one end open, the other closed.
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Flowfield and Noise Sources of Jet Impingement on Flaps and Ground Surface.

Dr.-Ing. GUnther Neuwerth, Institut fur Luft- und Raumfahrt der RWTH Aachen, WUllnerstr. 7, 5100 Aachen FRG

Summary

On the basis of experimental results it is shown that, in an undisturbed free jet of high subsonic speed
as well as in a jet deflected by externally blown flaps (EBF), there are ordered turbulence structures.
First, a feedback mechanism which develops at small distances between nozzle and stagnation point on the
flaps and which amplifies the turbulence structures is explained. It is subsequently shown, that the
interaction of the jets and EBF generates a strong noise. Even without feedback both the undisturbed free
jet and the jet deflected by EBF have the maximum levels in the noise spectrum at the Strouhal numbers of
the natural ordered turbulence structures.

Introduction

When a subsonic free jet impinges on the ground (VTOL-aircraft) or on externally blown flaps (STOL-air-
crafts) an interacting mechanism takes place. One of the consequences of this interaction is the radiation
of noise with a special spectrum shape at high intensity. This paper will give a contribution to the under-
standing of the flowfield interaction and the mechanism of noise generation.

Natural ordered turbulence structures of free jets

Many authors, e.g. S. C. Crow and F. H. Champagne /I/ as well as H. Fuchs /2/, observed in turbulent free
jet boundary layers ordered turbulence structures up to a distance of about 6 nozzle diameters downstream
of the orifice. These experiments were performed in the Mach-number range Ma K 0.2 H. Fuchs found at a
Strouhal number Sd - 0.5 strongly distinct axisymnetrical oscillations. This led to the assumption that
the natural free jet turbulence is not completely homogenious but seems to have ordered wave structures.

As these macroscopic structures are coherent sound sources, they are effective and important for noise
generation. Furthermore, these turbulence structures will have an influence on the noise generating mecha-
nism when the free jet is interfering with solid bodies. At the Institute for Aerospace Engineering at
the Technical University Aachen the turbulence structure of free jets has been investigated optically in
the high subsonic Mach-number range which is of interest for aircraft engines /3/.

Free jet streams with nozzle exit diameters between 7 nn d d 21 mm were blown into an anechoic chamber.
Spark Sqhlieren photographs were taken using the Cranz-Schardin-method of cold air jets at Reynolds numbers
Re = 100 in a Mach-number range 0.5 1 Na * 1. Because of the short exposure time of about 2 . 10 seconds
ordered macrostructures were distinctly visible. Figure 1 shows an example of such structures /g/. A series
of photographs have been taken with a time difference between exposures of about At = 20 • 10- s. In
these series of pictures the structures can be clearly seen as they are convected downstream.

In Figure la axisynwetric periodic structures can be recognized travelling downstream with a phase velocity
cSt = 0.63 vz (vz = jet exit velocity). The jet exit Mach-number is Ma = 0.5.

The wavelength of the structures was 7-St = 1.18 • d and the Strouhal number Sd = 0.54. The measured
Strouhal numbers are varying around a mean value. In Figure 2 such values taken from many exposures are
plotted against the Mach-number. A further turbulence-mode, the first azimuthal mode which has been
predicted theoretically by Michalke /4/, can be recognized distinctly only for Mach-number Ma • 0.8
(see Figure 1b). This may be caused, however, by the limited sensitivity of the optical apparatus. Here
the ordered turbulence structure surrounds the jet in form of a spiral. At these Mach-numbers such modes
appear to be alternatively amplified.

Both the slow decrease of the Strouhal numbers with increasing Mach-numbers and the absolute values of the
phase velocity agree well with the theoretical results of Michalke /4/. Figure 2 indicates that the axi-
symmetric turbulence mode shows clearly a findamental oscillation as well as a first harmonic. At some
intervals of time only the fundamental can be observed, at others only the first harmonic oscillation.

Summarizing, it can be said that the free jet shows distinct structures in the range of high subsonic exit
velocities which have special importance for the generation of noise caused by interference with externally
blown flaps (EBF).
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Figure 1 Natural ordered structures of a free jet /31
a: axisyrmmetric structures Ma 0.5, Sd z0.54
b: azimuthal structures Ma =0.9, S d z0.33
The dashes indicate the downstream convection of the structures.
Schlieren flash-light photographs Nt = 20 ps.
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Figure 2 Strouhal number of the natural ordered turbulence structures as a function of Mach-number

Interaction between jets and externally blown flaps (EBF)

Investigations made by other authors, e.g., /6/, /7/, as well as the results reported in the present paper
show a considerable increase of the sound pressure level from EBF compared to a free jet.

Herein the following phenomena appear:

1. During their deflection by the flaps, the turbulence structures are exposed to unstationary forces
which cause the sound radiation.

2. As explained later, this effect can be reinforced by feedback at small distances between nozzle exit

and stagnation point of the flap.

3. The system of wing and flaps reflects a portion of the sound waves which result from the interaction.

4. The turbulence generated in the boundary layer of the flaps and by the steep velocity gradient in the
flap wake yields trailing edge noise.

5. By tangential interference between jet and flaps the scrubbing effect appears.

The experiments described in the following will show the significance of the natural ordered jet turbulence
for noise generation.

Figure 3 shows the experimental equipment. Nozzle of different diameters could be moved in the axial (h)
and vertical (a) directions.

winu

I.I

"N /

" iI

Fu cm
Figure 3 Blown flaps geometry
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During some experiments a central body was placed in the jet exit in order to muffle the noise. The wing
was equipped with two flaps whose angles of attack a could be varied. The whole flap system had a span
of 200 mm. The turning point of the microphone outriggr was placed at an axial distance of 2 • d down-
stream of the nozzle exit. The length of the outrigger was rM = 800 mm.

In order to investigate the influence of the flaps on jet noise numerous frequency spectra were measured.
Figure 4 shows, for instance, the sound pressure level SPL of a jet deflected by EBF (h/d = 7) as a function
of the Strouhal number. For comparison, the SPL of an equivalent undisturbed jet is plotted. At the Strouhal
number of the first harmonic axisymetric turbulence mode of the jet - in this case at S = 0 38 - a level
maximum is recognizable for the undisturbed free jet. The flaps deflecting the jet involve an increase of
SPL over the total frequency spectrum compared with the free jet, the increase being greatest (namely about
20 dB), however, in the range of this first harmonic. It is, therefore, concluded that the turbulence
structures have an important influence on the generation of noise.

Such structures can be recognized clearly in Figure 5 for a Mach-number Ma a 1. It shows eight Schlieren
flash-light exposures of a jet deflected by EBF which have been taken with a time difference of t = 20 vs.
The wavelenght of the structures X and the distance al1 which the down-stream-moving structures covered
during &t can be measured. This, if turn, permits the cal lation of the phase velocity c and the Strouhi
number Sd of the turbulence structure. A physical interpretation of the SPL increase causi by EBF can be
given by the deflection of the turbulence structures at the flaps. In that way fluctuating forces are gener-
ated resulting in strong sound sources.

SPLdB

no

100

90

70" SO

Q05 al 2 43 ~Q'S Q 'sW,438

d= 20'm Mo= 9 em=90"

h/d =7 otfi, 3 0' rM 80 0MMh/d=Z9 = a" o.
old = 2 S9 a u 60F

Figure 4 Spectral distribution of SPL at undisturbed free Jet and at deflected EBF
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Figure 5 Ordered turbulence structures of an air jet deflected by EBF
Schlieren flash-light photographs ^t = 20 ps
Ma = I h/d = 6 Ofl 300
d = 15 mm a/d = 2.9 fl 1  600

fl2
The dashes indicate the downstream convection of the structures.
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Reinforcement of the natural ordered turbulence structures by acoustic feedback
In earlier investigations /3/ it was pointed out that an acoustic feedback can occur if a jet impinges the
ground in certain ranges of the distance h between the ground and the nozzle exit leading to noise with a
markedly increased intensity. Using this arrangement the flowfield, the noise source intensity and the
noise radiation into the farfield was computed /5/. This feedback effect was found as well in the EBF case.
It is apparently sufficient for the formation of feedback that a solid body with a certain area (the lower
flap) is situated in the jet. Feedback occurs if the distance between the leading edge of the lower flap
and the nozzle exit is smaller than 6 d.

Figure 6 indicates a frequency spectrum for Ma = 0.8, d = 20 mm, = 300, f .60* and h/d = 4
showing distinct peaks at four frequencies. The inherent Strouhal nu 5&rs Sd = 0.2 and Sd2 = 0.32 corre-
spond to the axisymmetric and azimuthal fundamental oscillation of the free Jet structures. The Strouhal
numbers Sd3 = 0.56 and 14 = .12 represent the acoustic feedback frequency and its first harmonic (see
Figure 2). As can be see 4, the total noise level is dominated by the narrow band noise caused by feedback
(Sd3) because it surpasses significantly the general level and can be heard as a strong single tone.

as. I

6~: . .11 I-S7 1 51 t WS w

krfho "me GW" fokc fff h@~MWW CO to
IV4 A& -ode foodbo mod

d 20ram ,Ma 0' 19 M = go-

W2d4 atfl 1= 300 rM = 8O0rnm

a/d -- 2 OL fl2 Z 60*

Figure 6 Frequency spectrum at appearance of acoustic feedback and natural structures simultaneously

As is explained in detail in Reference /3/, feedback develops due to the jet structures - deflected at the
stagnation point of the flap - originating soundwaves. A part of these soundwaves is travelling upstream
in the jet as in a channel and reinforces the natural turbulence structures considerably. They are then
convected downstream to the flaps as distinctly visible vortices.

Conclusions

It was shown that an undisturbed free jet of high subsonic Mach-numbers always has ordered turbulence
structures. These structures are very important with respect to the generation of noise by interference
with externally-blown flaps. Additionally, the discrete vortices arising from the turbulence structures,
in case of acoustic feedback, result in considerable increase of noise. However, the acoustic feedback can
be suppressed by simple means.

On the other hand, no successful method could be found at this time to destroy the natural ordered struc- ,

tures but this is quite likely a necessity for the suppression of noise.

ld vui vi.m*.....lv wI d1
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Abstract.

The paper presents a series of experiments done in the near field of the nozzle
producing a plane turbulent jet. The jet opening is varied in size and geometry, the exit
velocity is varied and the measuring device is varied from an ordinary pitot tube to the
more sophisticated double hot-wire anemometer whereby also the Reynolds' stresses could be
measured. The results are taken from a series of investigations which are being steadily
continued.

The experimental data are considered in the light of theoretical considerations which
start out with an examination of the classical boundary layer approach. The discrepancies
between this approach and the far field have been touched upon by several authors, and the
conclusion is drawn that information must be extracted from the complete set of equations
governing the problem. For this purpose the NEUBER "three function approach", successfully
applied to the study of notches, is applied to gain insight into the relations governing
the Reynolds' stresses. The concept of self-similarity is discussed and it is shown why
the concept used by Townsend applies only in the far field of the jet. The concept intro-
duced by Bradbury and Riley of two different regions of similarity is not supported by the
present approach. It is shown that the data in the near field suggest a correlation which
has the linear spreading of the jet as an asymptotic behaviour. It is shown that this
similarity concept applies only to the mean velocities in the near field, that the Rey-
nolds' stresses behave differently, the theoretical deductions show why, and a new con-
cept of propagation of disturbances can be applied to the distribution of the Reynolds'
stresses. These results apply to all the jets investigated so far, and are also supported
by experiments of water-in-water jets.

List of symbols.

y space coordinates

Xo  apparent origin of the jet

v components in the x-, y- and z-direction respectively of the velocity V

V the velocity of the fluid

Z' velocity fluctuations

U

mean velocity components
W
P pressure

P pressure at infinity

f(n) dimensionless velocity profile of the jet [f(o) = 1]

n dimensionless coordinate perpendicular to the jet axis

b half width of the jet

half width of the jet at x =x

U0 (X) centerline velocity

U0 exit velocity of the jet or U0 Uc (X0

C (with any index) - constant of integration

U velocity (at infinity) perpendicular to the jet axis

, 6, X0 Y, 1 constants

.. .. . . . . . ..L k . . . . . . . ..I1 I I . . . . I lan . . . llm. . l l l~ :. .. . . . . n i .. . .i w 
-
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J

~J j normal stresses (mean values with bar: ox,*)

shear stresses (mean values with bar: Txy,..)

zX

(i = 1,2,3) potential functions

stress function

Q(x) mass flow through a plane perpendicular to the jet axis

1viscosity of the fluid

0 density of the fluid

1 32 /3x 2 
+ 32 /3y

2 
+ 32 / z2 = Laplace operator

V _ 32 /3x
2 

+ 32 /3y2 = two-dimensional Laplace operator

Fi (i = 1,2,3) potential functions

dimensionless x-coordinate

b constants

N jet parameter

1. Introduction.

The study of the flow will be based on the socalled REYNOLDS' equations (1894) for
the mean velocity components (u,v,w) of the turbulent flow field.

-(; - 0uT),X x yTxpr I 
+ 

07

Dt -+ - -(-W -

PL ?P -- + 2-(T y- P--T ) + 2-y(
-

0
- -

71
T ) + -L(" p -P-W-7)(iiDt y 3X Xy 9yyazy

Dw + - T - 7 -TT) + + _(T _r _--w )

Dt = 3X xz y yz 0) z

In the form presented here the STOKES' hypothesis (1845) connecting the stresses with the
gradients of the flow field has not et been introduced. This mears that the question of
wiether or not the NAVIER-STOXES' equations apply to turbulent fl-ws does not have to be
contemplated at the present stage. Equations (1.1) are valid for turbulent flow provided
the REYNOLDS' rules for taking averages apply.

With the usually accepted assumption that the STOKES' hypothesis apply also in the
turbulent case, the stresses may be given as the sum of a "laminar" and a "turbulent"
contribution, the latter called the Reynolds' stresses:

- au~
O= " - pu'u' = 2 0 - pu uS x x

11 J_ ay

z z = 2ia-1 - pW 'W'

and

T =TX -pi'P u- + - - 0''

= - - -- 7 * yz T - pP-rW J (1.3)

T Tz -
= 

U +
5X ZX X '- )-p

= - z- -rP-----
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The theoretical treatment suggested for the study of the plane turbulent jet will
be based on these equations and the assumptions they imply.

2. An examination of the boundary layer approach

The plane turbulent jet has been subjected to investigation by a number of authors
of whom only a few will be referenced here. TOLLMIEN (1926) was the first one who estab-
lished a solution based on Prandtl's mixing length theory by assuming the flow to be of
the boundary layer type. This last assumption seems to have found recognition by later
authors, and is one of the conclusions which will be challenged subsequently. TOWNSEND
(1956) undertook extensive experimental investigations of the closely related wake flow
and gave a survey of it in his book. Some of his conclusions it is hoped will be put in
a different perspective. REICHARDT (1942) made an attempt to start on a different basis
than TOLLMIEN (1926), but although his approach bears resemblance to the present line of
reasoning, they differ in physical concepts. VAN DER HEGGE ZIJNEN (1947) , seems to have
made the most reliable measurements and included both heat and mass transfer in his in-
vestigation. More recently BRADBURY and RILEY (1967) examined the jet and drew conclu-
sions which will be commented on later.

The basic equations of the problem are obtained from (1.1) by assuming:

1) The flow is two-dimensional; : z ,

2) l x. /,,L , Y (2.1)

3) p = constant

where o and , represent the sum of "laminar" and "turbulent" contributions as given in
(1.2) akd (1.3 . The first assumption (2.1) leads to neglection of the third equation
(1.1), the third assumption (2.1) leads to the neglection of the second equation (1.1) and
the second assumption (2.1) leads to the following simplification of the first equation
(1.1):

71Xi- + ,) -)y +(2.2)

- + - : ,+i3Ix y

where the equation of continuity has been added. In order to close this system a pheno-
menological relationship of some sort is needed. TOLLMIEN (1926) used Prandtl's mixing
length at this point. However, the attention will here be fixed on the one common feature
of all investigations mentioned above: the experimentally recognized existence of a
universal velocity p-ofile. This profile will exist with or without a moving secondary
flow, and may be expressed as follows:

If _, is the velocity of the mowing secondary flow and U. is the centerline velocity
of the jet, then the velocity profile is given as

U- U = f(n) where n = y/b (X) (2.3)

where ', represents a non-dimensional transverse distance where b(x) is the socalled "half
width", i.e. the value of y for which iu is equal to U'./. This 9pecial form is adopted
here to facilitate the application to experimental evidence.

This experimentally observed "universal velocity profile" seems to be
in fact the only consistent phenomenological relationship which may be extracted from the
experimental evidence presently known. The question of "selfpreservation" discussed by
TOWNSEND (1956) as well as by BRADBURY and RILEY (1967) will enter the problem at a later
stage, but does not change the statement in (2.3).

The universal velocity profile will here be used in the form

z U (x)f(n) (2.4)

where x is the coordinate along the axis of the jet and y is the transverse coordinate.
The function f(q) is a "bell-shaped" curve, which so far remains unspecified, but which
for computational purposes later may be assumed given as

f _ 2 (2.5)

in accordance with REICHARDT's approach.

With the acceptance of (2.4), it immediately follows from the continuity equation
that the transverse velocity u must be given as
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d db (
T-[U,(x) b4 () f f(8)da + LiCX) T n r f ( (.6

0

One finds from this expression that the velocity v does not vanish when ,i - ", a fact that
will be of physical significance in conclusions to be drawn. The fact that the introduc-
tion of a universal velocity profile (2.4) determines L and V will now in view of (2.2)
lead to the following expression for iXY/ay

I 5 duc U c(X) d
U f (n) - b C [U b ( x)f'Co)f f(a)ds 2.7)

Tx__ T4 .7U

This expression may in view of (2.3) be integrated once:

I : = 
(X ) b (X) [Uc(x) b.(x)]1?f (s)d-

{ (2.8)

[ (X) t (x)] f(n) f f(s)dso

It is a matter of routine algebra to show that the condition of vanishing shear stress
i at n may be expressed as:

b (X) = L (X) (2.9)

This is in complete agreement with the generally accepted behaviour of a plane jet where
the centerline velocity L. - x-i and the half widt b4 - x. Even so, certain further con-
sequences of the similarity concept must be explored.

Introduction of (2.9) into (2.6) gives the following expression for v:

V -x { fsjds - 2nfn) (2.10)

At n one will thus have a velocity v. which is given by

V = ' ,C x) T r" s)ds (2.11)
o

The magnitude of this influx velocity depends thus on the centerline velocity and on the
form of the non-dimensional velocity profile f(n).

At this point one may for a moment re-examine the basic assumptions (2.1) and con-
clude that if the boundary layer concept is excluded but the assumptions in (2.1) are
maintained, the equations of motion will reduce to:

(2.12)

-V - 3 T X

p U - + V V I

The first one of these equations is identical to (2.2) already used to obtain the results
(2.10) and (2.8). A proper combination of these latter equations combined with (2.9)
leaves :

IT+ 2-dU C 2
P- YT7 X 2nf(n) (2.13)

Now, the second equation (2.12) is reformulated by means of the continuity equation
leaving

S
= 0--uV) D _ -CV) (2.14)

For the previously established expression (2.13) for the shear stress T to be compatible
with this equation, the following condition must be satisfied:

dU0
[ 2n fn)] (v2 ) (2.15)

Introduction of the expression (2.10) for v into this equation will split it into the
following two equations:

I t - -,-
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d .Udv (2.16)du0 ] = 2 u 02
TX U TX T-2 (Tx-2r- ) (.6

C 0

2 fln
6r f(n) + f(n) f f(e)d8 + 2nf(n) f(s)da = 0 (2.17)

0 0

where 6 is an arbitrary constant. One has thus found two equations for the determination
of the two unknown functions U,(x) and f(n). The solution of (2.16) may be expressed as

Uc() N (1 2-6-(x-x A)-1/2 (2.18)
0 0 U 0

0

where

x = x is the distance downstream of the jet orifice at which location
the velocity profile is fully developed

U U C(X ) is the centerline velocity at x = x (2.19)
0 0 0 0

c I is the slope at x = xo of the curve Uc(x)

It is noted that the value 3 = 1 corresponds to the experimentally accepted decay
of the centerline velocity U with increasing values of x. With this value of B the
solution to (2.17) is easilyCfound by introduction of the function F(n) defined by:

n
F(n) z f f(a)ds , F'(n) = f(n) (2.20)

0

which transforms (2.19) into

FF' + 2nF' 2 + 2rFF" = 0 (2.21)

with the solution

F= C1n -n01 (2.22)

Here C, and n_ are constants of integration and a has been put equal to 1. The universal
velocity profile is then determined from (2.20):

dn) dE 1 [ (n3/2 + lr ]
- (2.23)

dn 4 = 0 (2.2a

This result does in no way resemble the bell-shaped velocity distribution known from ex-
periments. It fails completely at q = 0, and even for large values of n its validity as
an asymptotic expression must be further examined. One may therefore return to the basic
equations (2.12) and conclude that the neglection of normal stresses leading to these
equations was not a warranted assumption.

The expression (2.18) for the centerline velocity is, with a I, in complete agree-
ment with experimental evidence, it introduces an origin of the independant variable in
the streamvise direction which is determined by the conditions set by the jet orifice and
it allows for a correct slope at this point of the function U (x) giving the centerline
velocity. This agrees very well with the considerations of ARAMOVICH (1963) and conforms
well with observations by ZIJNEN (1947/49). One may however contemplate the fact that this
agreement is found in spite of the unwarranted assumptions being made.

At this point it is perhaps convenient to call attention again to the investigation
by JOHNSON and WEINSTEIN (1963). The authors find here departure from the accepted
relationship UC(x) - x- , and proceed to look for explanations to this discrepancy. If
one, however, applies the result of the careful study made by ZIJNEN ((1947)p. 264] on
the conditions for the two-dimensionality of the experimental jet to be maintained, one
will find that the authors' own experimental data support the x-i-law in the region where
this conditions is met. Their discrepancy occurs outside this region where consequently
the two-dimensionality of the jet is in doubt.

The investigations by BRADBURY and RILEY (1967) indicate a change in the jet spread-
ing and the centerline velocity with increasing distance along the jet. Thus two different

regions of self-preserving flow are suggested. This contention will be examined at a
later stage. The conclusion for the moment seems to be that an investigation based on
the complete set of equations is inevitable.
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3. The basic equations for two-dimensional turbulent flow.

The deductions so far has led to the need for an approach to two-dimensional turbu-
lent flow, in which the basic equations are used without serious simplifications being
introdu.ced.

Following PERSEN (1976) one will find that (1.1) may be rearranged as follows:

7 - .- .- -z 7- T -.7 --

O-p-u I -+ U *p]+-pu 'Id V-IV] = 0

IT -P' 'U-- " +  . 7 -  +  
I - -Tw] = 0 (3.1)

7 - -- 3 - -Z I
These are the equations of dynamic equilibrium in the d'Alembert's sense, where the terms
of the type pW

2
, etc. represent the inertia forces which here appear as stresses. These

equations of dynamic equilibrium will be identically satisfied if one introduces the flow
function y and the 3 potential functions 0, 0. and t such that:

T- 7- -u' U +T_ 
-

Z)
X 3 42 aZ

2  
ax

P v- - - p = + 2_ + -c T, X- (3.2)
3Z

2  
x2

23 3 2
3
2
ip34 34'

Z DX2  X '

and

T xy p U -7 p - + UV = C - + 2)
_ _t ._t~----+ C -*-_2

3x3y +x

____ 234' 34'
T - , W - - 2_ .) + (3.3)YZayaz 5Y

-- __234' 3 )
a(-2

I Pur) = axaz ax 3Z

This is in complete accordance with what NEUBER (1958) calls "his three-functions-approach",
and it is easily shown that if (3.2) and (3.3) are satisfied, the 3 equations of dynamic
equilibrium are identically satisfied provided

V2D = 0 , V2 = - V20 P = 0 (3.4)

One may now use this approach to investigate the two-dimensional case in which w _ 0
and Du/3z = 3D/Dz E 0. According to (1.2) and (1.3) the situation will then be such that
the only mean stress components which are different from zero will be 5X, F and T
Thus one will have the following expressions for the Reynolds' apparent stresses: xy

T7 ~ ~ ~ 2 a z ±±h c1 2 a3
-ouu -= pu - + p + - - - -)1

ax 3Y a 2  
ax ai

-~3 aav a ~1(5

-P V = P0 jV+ P+ D + I! + (3.5)
Y aZ2  3X2  r -

2- at a2ax
2  

ay
2  

)

and
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-UV r 
T = o - P + - TxoY + a( )

-PTr-r = -D' + n(- 3 )  
(3.6)

-0 = - + J--)
These equations reveal how the Reynolds stresses pw-'Fw, pvrw- and pu-- may vary with the
space coordinates (xy,z) even in a situation which offhand seems to be purely two-dimensio-
nal. If one adds the condition, that all derivatives with respect to z vanish, one obtains
the following expressions for the Reynolds' stresses usually considered in a two-dimensional
case

-p '--vu = 
I 2  

X + P + + Ct- I- -
y2 X "

,V V + cj7 a 1_ (3 7)

-pV = P- 214 + - ( 3.7

-P r 3x3 Tf 2 _U 1 )-7

One is here in the position to conceive of the flow function 1 as a modified Airy's stress
function for the Reynolds apparent stresses in a two-dimensional turbulent flow. One of
the main objectives of the flow function i and the potentials 0, and 0 is to satisfy the
boundary coritions. Eqs. (3.7) thus indicate why it is not conceivabie within the present
approach to relate the Reynolds stresses exclusively to the mean velocity field without
interference from the boundaries. On the other hand it may be regarded as a step forward
that this interference is now singled out and expressed through the flow function p.

4. The plane turbulent jet.

With the results obtained in the preceding section, the problem of the plane turbulent
jet Is again to be considered. It should, however, be noted, that although the ultimate
aim is to use these results to establish expressions for the Reynolds stresses which agree
with experimental evidence, several previous considerations will have to be reexamined
before any conclusions can be drawn. For that purpose the steps of Sec. 2 will be retraced.

The firsc assumption of a universal velocity profile given in the selfpreserving form
(2.3) is so well founded on experimental evidence that it must be accepted. As a conse-
quence of the continuity equation, the transverse velocity component v will then be given
as (2.6), from which it follows that this velocity component at n * will have the value
V., where

S - E[U (x) b (x)]7 f(e)ds (4.1)
0

Here it has been assumed that lim [lnf(n)] = 0

The next step in the previous deduction was to compute the shear stress from the simplified
equation of motion. Demanding that this shear stress vanish as n + -, one was led to the
relation (2.9) between Uc(x) and b4 (x), which was stated to be in agreement with experimen-
tal evidence.

This latter line of reasoning cannot be used in the present case where the complete
equations are to be used and ixy thus cannot be found. One may however pursue the follow-
ing line of reasoning:

The full equations of motion will be given as

2 . V - +3 
+ 3

(4.2)

U + V - + "

where the stress components are given in (1.2) and (1.3). The lefthand sides of these

equations are now expressible in terms of U,(x) and b4 (x) as well as f(n) and its deriva-
tives. It is then possible to draw the following conclusions:

1.) If the terms appearing on the lefthand side of the equations are not of equal
importance, one has found a proper way of simplifying the equation.
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2.) If the terms are of equal importance this leads to conditions which may be
stated as

b (x) = C*[Uc(X)]Y-1

UC(X) = (Cl x + CI)
- Y + I  

(4.3)

where C ,CC,.a and y are constants. With the proper choice of these constants
a complete agreement with the results (2.9) and (2.18) of the simplified approach
is obtained. The justification, however, is changed.

For the further deductions U,(x) will be used in the form (2.,18) with 6 = 1.

U c(X) = U [1 + -L (x-x ) (4.4)
C 0 U 0

0

The half width b. will then accordingly be expressed as:

x) = b(0)1 + 2A-(X-Xo)] (4.5)
4 4 L U 0  0J

Co)
where l1 is the value of b at x -x .

The function f(n) is supposed to be normalized such that f(O) = I thus leaving U (x)
as the centerline velocity. The "half width" bi of the jet is supposed to be that value
of y for which the velocity U = U,/2.

One will further find in view of (2.4) and (2.10)

-u[z 2X j -4f~n)

0 (4.6)

(0) Xb~[ ~i~4
41X r uLxxo f Ps)ds 2rnf(n);

5. The boundary conditions.

Having more or less exhausted the information inherent in the similarity concept in
view of the basic equations, the boundary conditions are drawn to attention.

1.) From the definition of n (2.4) and of (4.5) one finds that

-, 0 for x - - (with fixed value of y)

1 0 for y = 0 I (5.1)
(with fixed value for x )n *' fork' +

2.) The non-dimensional velocity component u is given by the function f(n) which so
far is unknown. It satisfies the following boundary conditions

fPO) = 1 (at either y = 0 or x = 'o) (5.2)
fP-) = 0 (at y = o)

As shown already (eq.(4.1)) its behaviour for large values of the argument is
assumed such that

im (nf(n)) = 0 (5.3)
n-

Finally

f f(n)dn = K (5.4)
0

where K is a constant which may be zero or finite.

3.) The mass flow Q(x) through a plane perpendicular to the jet centerline at an
arbitrary position x may be expressed as

Qx) =2f uy =2U 0 (x) b (x) (5.5)
0 0 fnd
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With the expressions (4.4) and (4.5) this may be reformulated as

2 b()r + 2 x ) (5.6)iL u o  
0

and it is observed that even though the mass flow at x=x 0 is finite and equal to

Q( o  2U b(° ) . 
K (5.7)

the mass flow Q(x) tends to infinity as x-. This implies that an infinite
amount of fluid is drawn in at y ± and discharged at x = through the action
of the Jet. This is an inescapable conclusion as long as the relations (4.4)
and (4.5) for Uc(x) and b (x) are upheld.

Since this result seems somewhat unacceptable on physical grounds, two different
approaches seem open for a resolution of the problem:

a.) One may assume K in (5.4) to be equal to zero. This means assuming a recircula-
ting flow with no fluid entering or leaving through the boundaries x = xo, x =
y = ±-, and Q(x) - 0 at any value of x.

b.) In accordance with the contentions of BRADBURY and RILEY (1967) one may assume
two regions of similarity, each with different relations between U (x) and
b4 (x) c

The subsequent deductions will however be carried out assuming only case a) above. Appro-
priate comments on case b) will be given later as will the comments by KOTSOVINOS (1978a,b)

6. The similarity regions.

If one assumes the similarity of the flow to be governed exclusively by (4.4) and
(4.5), it follows that K in (5.4) must be equal to zero. A recirculating flow will be
the consequence and the non-dimensional velocity f(n) may then be given as sketched in
Fig. 1. IJO

1.5

SkthofteN Reichardt

Fig. 1Secoftevelcity profile with recirculation

The following non-dimensional distance along the jet axis is now introduced

(X-X (6.1)
0

0

The centerline velocity, the half width and the velocity components are then expressed as

b4 () b (0) (1I C*)4(6)
= U (1 + ) f~

Xb= - (1 + E)_) {? f(a)de 2rif(n)}

The assumption is furthermore that

f f(a)de 0 (6.3)
0

This represents the basic similarity conditions and consequently the "laminar" stresses
of the flow field will be:
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o i -2L[1 + I - /2 {f(n) + 2nf'(n))
ax =. (6.4)

ay = 2 -L = +2X[l 3/2 f(n) + 2nf'(n)} (6.4)

T + + 1 + (f'(n)-2K[2nf(n)+2n
2
f'(n)-iff(s)da]1

where the parameter N has been introduced. It characterizes the jet at x = x. (E 0)
and is defined as

= /U (6.5)
0

It is realized that these stresses decay with increasing values of F according to
the -3/2 law. The way in which the Reynolds stresses decay may now be deduced by means
of the results in Sec. 3.

One may start with assuming ",,(2 and (3 to be independent of z, and continue by
subtracting the last of eqs. (3.5) from the first ones. Thus:

-pur- + p-w'u = p_- - 2-- 3 + 2X 7

- 2 1 (1
_pV'r + pw'w= _' - 2w-V - - 2a- (

2 D(6.6)

-pu'v pup - (- -y-) - - a----) + a( +

where the last equation is a reproduction from (3.7). Since the velocities as well as
the mean stresses have been shown to be of the similarity type it seems a reasonable as-
sumption that this holds also for the functions t, and (P2, and it may even be extended to
apply to 43:

P = (1 + )-F.(T) (6.7)

Realizing that 0. are potential functions satisfying (3.4), it is easily shown that F(n)
consequently must be determined by the differential equation:

d
2
F. dF.

(n
2 

+ n2) + + 2(0+1) + 
8(8+) F. = 0 (6.8)

0 dn2

where

n0 = 1/2N (6.9)

The differential equation (6.8) is closely related to the differential equation for
the Legendre functions. However, the solution to this equation in general will not be
pursued here, and only the following remark will be made at present. For 8 = 0 the
equation is simplified and the following solution is found:

F(0) = Bl + B2 arctan (n/n ) (6.10)

Here B and B are constants of integration and F has been given a superscript to indicate
the value of A for which it is valid. From (6.7) and (6.10) one will find that in this
case

a2iq n/n oaz --- (1  +  0) -
0 +(n/n o )

(6.11)

a + -, 0 (1 + 1+
u 1+(n/no)2

At this point the necessary preparations have been made to draw some conclusions.
The attention is fixed on the way in which the terms in the expressions for the Reynolds'
stresses decay with increasing distance downstreams (increasing values of E).

One observes first that the normal Reynolds' stresses puru-, p v-v and p--"w- must
decay in the same way with distance downstreams since any other assumption would lead to
the conclusion that regions of plane stress occur. The two first equations of (6.6) may
then be used to contemplate how these Reynolds' stresses decay. Because of the initial



assumption that the mean velocity profile exhibits self-similarity, the way in which the
terms on the right-hand side of (6.6) decay is known except for the function y. It is
easily shown that the terms pu , pD2, 3$i/ax and 30./a decay with (I + 0-1. Furthermore
the viscous stresses have been shown in (6.4) to decay with [I + &)3/2 . Zven though the
decay of the function tP is not known one may conclude that:

the Reynolds' stresses are expressed through terms which decay at different rates
with increasing values of C. Thus, if one is looking for the type of "self-
similarity" that TOWNSEND (1956) is considering, one will have to proceed so far
downstream that the viscous stresses have become insignificant compared with
the other terms that decay more slowly. This shows also up in the results
obtained by HESKESTAD (1965).

A final remark ought to be made with respect to the second region of similarity
introduced by BRADBURY and RILEY (1967). The deduction of the differential equation (6.8)
utilizes the relation between bk(x) and Uc(x) as expressed in (6.2). This is changed in
the second region and consequently a self-similar solution for 4. is not feasible in this
region. This is here used as a justification for disregarding ii for the time being.

7. The near-field of a plane jet, evaluation of experimental data.

The experimental set-up used in all cases to be referred to here is schematically
shown in Fig.2.

ly

6L .U.
I ,hyo b/2

igg. 3. Velocity profile (0) with the parabola
and the straight lines detrmining Uc and

ig. 2. Schemtia exposition of the experirwntal b* respectively.
set-up.

The plane jet is produced by a slit of height h and length L=100 cm through which a jet
of air is produced. The exit velocity Ua of the jet is assumed evenly distributed over
the slit height. The geometry of the slit is either characterized through sharp- or
rounded edges. This will presumably influence the Reynolds' stresses and hopefully give
rise to a methodical characterization of the jet.

The profiles are traversed at I, II, a.s.o. and the following quantities are measured
at each station:5, V, 7U7, rV' and u-i-. Based on the dimensions h and L of the slit,
ZIJNEN (1947) gives the limits within which the flow will remain two-dimensional, and the
position of the profiles were chosen accordingly. The experimental evidence to be presented
here is obtained in a series of experiments in which values of the slit height, exit velo-
city and orifice geometry were varied.

The measurements will give velocity profiles as sketched in Fig.3. (9 Data points).
Through the data points a parabola is fitted using only the points in the neighborhood of
the maximum. The best fit will give the constants UC Yo and y, of the parabola:

+- 0 (7.1)
- 2Uc y

where U is the centerline velocity, y is the position of the centerline and y, is the
length ftith which the y-coordinate is Fade dimensionless.

Knowing now the maximum amplitude Uc of the velocity profile, one may proceed to
determine b , i.e. the width at which the profile exhibits half its maximum value. This
is done by litting straight lines though the data points close to this value as shown in
Fig.3. From each velocity profile then, the following data will be available:
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x , the position downstream where the profile has been obtained

YO. the position of the centerline

y*, the characteristic length of the profile

U0. the centerline velocity

bi, the half-width of the profile

These quantities are now to be considered the "data" of one experiment.

It is accepted that the velocity profiles are presumably self-similar, although a
generally valid form for these self-similar profiles has not emerged. REICHARDT (1942)
has proposed the following expression

u(x, y) 
= 

UC(x)exp(-an
2)  

(.2

(7.2)

n2 = 0.693(y/b) 2  I
This implies that the characteristic length y, (used to non-dimensionalize the y-coordinate)
is proportional to b or

b /y* = V = 0.83256 (7.3)

Since both bi and y* have been obtained from the velocity profiles, their ratio is computed
and the agreement with the value of (7.3) is rather good. This may be interpreted as an
indication that the Reichardt expression (7.2) may be used as an approximation when needed.
The test indicates a fair agreement irrespective of opening heights, exit velocities or
orifice geometry, and is based on the average value of the ratio for all profiles in each
series.

The next step one can take is to examine the more or less generally accepted x-depen-
dence of b, and Uc, expressed as

b i - x I Uc - x-i (7.4)

This means that the product b U2 ought to be a constant, and for all profiles this product
is, within the accuracy of the experiment, indeed a constant. This does not necessarily
mean that the relations (7.4) are true, but one can note as a first result of these experi-
ments:

The relationship

Uc ~ 1/ 
0  

(7.5)

seems to have found experimental support
(See Eq.(2.11) even for the near field of
the jet.

Further investigations of the experimental evidence indicates that the relations
(7.4) as well as the assymptotically valid expression (4.10) must be replaced by a more
complex expression in the near field. The expression to be proposed as a fair represen-
tation of experimental evidence is given as

b 2 (x - X)
2

4 h +1 (7.6)

b (0)2 L2
4char

where b,° ) is the half width at x xo, i.e. at the location nearest to the orifice where
(7.6) may be applied. For x < x the jet is still so much influenced by the orifice geo-
metry, that no general feature c~n be expected. For x > xo it is hoped, that the expres-
sion (7.6) can be used irrespective of orifice geometry, exit velocity or slit height, and
that consequently the influence of these faqtors can be expressed through the three con-
stants of the expression, x , L and b ° .- This idea is in keeping with the ideas brought
forward by BRADBURY and RILEY (M95), but it carries one step further, because of the
implications of the attempt to express the influence of the factors mentioned above through
3 constants.

At this point experimental evidence is conveniently drawn to attention. The degree
to which the u-component satisfies the similarity property is extremely good and even in
water the results are satisfactory in this respect.
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20} Fig.4. reveals how the data
a0  obtained in one series of experiments

with an air jet conform with the
expression (7.6). In addition the

,Nt 15 -- --- variation of the centerline velocity
__ I U with the downstream distance x

-U' i shown [See (7.8)].

H 10- "".The classical result that the
s U7, parameters of the jet do not seem to

.2l correlate with the jet Reynolds number
S ,Re =U h/v is verified (Ue = exitC 5- velocity in the jet orifice and h,"- data ought_ i th e corifee hog

b'/ slit height). ..This indicate that all
c data ought to be correlated througho 0 the geometry of the jet orifice. The

0 b 2  result of such a correlation is shown
20 40 60 80 100 in Fig. 5. It reveals how the three

Distance from orifice x (cm) parameters xo, L . and b °are all

Fig. 4. The centerline velocity U and the half proportionalo id the onstants

width b as a function of the distance x
from th orifice (obtained in an air jet)

30 .

of proportionality depend of the shape of the 1"
orifice. The actual numbers are given in (7.7) -10 " 

1
0/ I

Lchar 5.82 h (rounded edge) 0

Lc 4.11 h (sharp edge) 200 - -_char X0
(7.7 Imm]

b(o) 1 0.660 h (rounded edge) (.C -10I

b o) z 0.457 h (sharp edge) 0

x 4.02 h (rounded edge) 
300 - -i-

0ch a 0
X 3.41 h (sharp edge) L--

0 Emm]

The correlation (7.6) has now been verified
experimentally and as a cosequence of (7.5) one I 1'0 20 30 40 50
obtains h [min

uc  U()(+ 2)-1/4 (7.8)
Fig.5. The constants bn ( f x and

L a, functi~ns of the
where shrheight h.

T 0 (7.9)

Lchar

This means that the expression for the velocity component u may be expressed aF

u= U (1i+C2) -1/4 f(n) (7.10)

where f(n) is an unknown function and n a non-dimensional distance normal to the jet axis:

n = y/b (7.11)

The lateral velocity component v will in view of the continuity equation be expressed
as:

v (o) & _2- /f() f(s) (7.12)
U0  L I1F I fjl-4 ~~s

Lohar 0
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It is noticed that the ratio b /L hnr occurs in this expression as a jet parameter.
This ratio is computed for eacA serI of experiments and the result is remarkably constant,
a verification of the dependence on h shown in Fig.5.

510 b Since now the jet parameters have520 been-determined, the variation in space of
___ _the v-component of the velocity is known.

When plotted as D/U against n one must
.3 f_-- obtain one curve oniy. To what extent this
= 2 78 I ,. "i i __ is verified by experimental evidence is

_. shown in Fig. 6. It should be observed
h---. i..I  " : .- _-?-, "that measurement of this velocity component

s ea is rather uncertain because of its small
-- mean value as compared with the velocity

- _ . ._ __ fluctuations.

-3 -2 -1 0 1 2 3

Fig. 6. The velocity conponent v plotted to exhibit
the similarity predicted by (7.12).

8. Evaluation of the uru- and v-v'- data in the near field.

The theoretical approach to the problem has indicated a certain behaviour to be
expected of the 17-iZ- and the Trv-r-data. First it is observed that the transverse coordi-
nate appropriate for correlating the data may be the similarity variable n defined in the
treatment of the velocity profile [Eq. (7.11)]. Second it is noticed that whereas u is of
the form Uc(x)times f(n), a similar simple similarity property cannot be expected for the
_u' and T-v profiles. The more general form to be adopted here is suggested by the
theoretical considerations and may be expressed asF = B(x) F(n) + A(x)G(n) (8.1)

where all functions so far are considered as unknown. One might draw upon the theoretical
deductions to extract the specific forms of B(x) and A(x) by identifying one part as the
one caused by viscous action and the other as the one caused by the fluctuations alone,
but presently an approach via a propagation hypothesis for turbulent fluctuations is pre-
ferred.

When contemplating the origin of the
Reynolds' stresses l- 'u' and plv-- one is led
to the conclusion that the fluctuations causing

* these stresses originate in part from the boun-
- -~ dary of the nozzle and in part from the core

- - - flow. The two different geometries of the
-c,= . Co,.,,o nozzle used in this investigation are sketched

S-- .....d in Fig. 7. It is indicated how the rounded
nozzle is shedding the boundary layer in the

L 1 I'L .
"  

nozzle whereby high vorticity is being concen-
trated in two narrow regions. The sharp edged
nozzle is creating larger eddies and the more

a) b) violent mixing action leads to a much shorter
distance to the end of the core flow than in

Fig. 7. Sketch of the two nozzles, sharp(a) the rounded case. This observation is confirmed
and rounded (b) by the fact that the x ( the position of the

"origin") is larger for the rounded than for the
sharp-edged nozzle.

The fluctuations may now be conceived of as small "jets" in a moving flow. Since it
has been established that jets seem uninfluenced by viscosity (Re-number independent) this
modelling of a fluctuation conforms with the idea that turbulent energy is passed on from
larger to smaller "eddies". If the larger fluctuations are identified as the socalled
coherent structures in turbulence, the jet model predicts the propagation properties of
such structures (Bursts and Sweeps). However, the model also indicates how the Reynolds
stresses will behave. The integrated action of such a concept will lead to the assumption
for 4 and 47 F7 profiles which may be expressed as:
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B(x) exp[ Dni2I+A(X)exp[ C(nq )2I+ezp[_C(nn PI (8.2)

Here Reichardt's proposed velocity profile in the form of Gaussian hat curve
has been adopted as approximations to the functions F(r) and G(n) in (8.1). The constants
D, C and n are all to be determined such that the adopted expressions best possibly re-
flects experimental evidence. It turns out that for the l-u'f-data, the following values
seem satisfactory:

D = 0.5, r = 1.0, C = 0.9 (8.3)

One may then use a best fit procedure to determine the values of B(x) and A(x) for each
profile (given x-values) whereupon these functions can be analysed. Fig. 8. shows examples
of how this procedure predicts the 7u -profile for the case of a rounded nozzle. For

-3 -2 -10q1 2 3 "-3 -2 -1 0 rI 1 23,, .030 EO1UA8 A
2.0E01,6 2.0-...,I

ii ' fl . ... ."'

-3 -2I 1 2 3 -3 -2 -1 0 1 2 3

F3g. 8. J - profiles in the case of a rounded edge.

cases with the sharp edged nozzle the agreement is even better. The same values as given
in (8.3) apply indicating their relative independence on the nozzle geometry. For the
",'r-data, however, the constants to be used are

D=0.7, -o = .8 1 C = 1.1 (8.4)

Fig. 9. shows how extremely well the adopted form in (8.1) for the normal Reynolds stresses

predicts their development with increasing downstream distance. If however this result
is to be given any significance, the functions A(x) and B(x) must conform with the theo-
retical considerations of Sec. 7. This means that if the propagation theory for large
scale turbulent structures is correct the function A(z) ought to be given as

A(x) = A0 (1+2)
- 1

1
4  

(8.5)

where z has been replaced by & according to (7.9).

In Fig. 10. the functions A(x) for both nozzle geometries are computed. The earlier
argumentation on the length x. from the nozzle to the point of "origin" is supported by
the experimental data. Thus, the "normal" behaviour of the decay functions A(z) can in
the case of a rounded nozzle be expected for values of & > 1. The best fit procedure of
A(x) to the remaining data give expressions for A as shown in the figure. It is remark-
able how the values obtained in the two cases conforms with each other, an additional sign
that the contentions behind the results have now been given substance by experimental
support. It is however stressed that further experimentation is needed and is at the
moment in progress.
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metry. The results obtainedso far must however be considered inconclusive since they have raised questions which m
necessitates further experimentation. This is the case for the functions A(m) and ()

as well.

Conclusions.

In spite of the fact that certain results in this series of experiments need further
verification, a number of conclusions may still be drawn. The near field of the jet is
here indicated by the positions x/h at which profiles were taken, i.e. the range 4.+ <
x/h < 38.0. The hotwire measurements were made in the region 6.3 < th < 26.7.

1.) Self-similarity of the u-velocity profiles is to an astonishing degree exhibited
in the near field, and is consequently not only an assymptotic property of the



14-17

1E01 1 E02 -1

10 - 10 - I

81 81-.
B(Xi Bu X)

2 2

0 I 2 3 4 5 0 1 2 3 4 5

Fig. 11 The function B(x) in (8.5) determined for the
rounded edge (ECI) and the sharp edge (L'02).

40p3 EQkuvN 461 4 E02uvN

.4 ib & •0

3 0 5 
3 Q

0 1

2o -

2-

0 3I 4 1 0 I 2 3

-2-2

-331

Fig. 12 The f) data normalized through Er+e 2
) for the rounded

edge (E0) and the sharp edge (E0).

profile. This conclusion has the support of BRADBURY and RILEY (1967) but is
here extended to include the profiles at very small values of xnh.

2.) Lvidence seems also to support the conclusion that the self-similar measured u-
profile may seem insensitive to changes in the boundary conditions which greatly
influences other quantities. The discussion given in Sec. 2 conforms very well
with the remarks of KOTSOVINOS (1978a,b) and draws the attention to the boundary
induced recirculation. This may occur in the outer part of the jet and not cause
significant enough influence on the measured values in the central part of the
jet.

3.) The experimentally supported decay function introduced in ( 7.8) is also supported
by the results of HUSSAIN and CLARK (1977) which exhibit results in complete
agreement with Fig. 4. The fact that the same decay function seems to apply in a
logical manner to the development of the Reynolds stresses with increasing down-
stream distance gives further support to it. It should be noted that the decay
function is such that it has the linear spread of the jet as an assymptotic be-
haviour.

4.) The introduction of the stress functions in Sec. 3 shows why the similarity con-
cept of TOWNSEND (1956), where all quantities of the basic equations decay simi-
larly, only cam be expected to apply in the far field of the jet. The examination
of the basic equation which led to the introduction of these functions and which
also led to the conclusion that TOLLMIENs original boundary layer approach could
not be upheld, is supported also by the conclusions of MILLER and COMINGS (1957).

5.) HUSSAIN and CLARK (1977) find a strong influence on "the mean and turbulence
quantities in the near field" of the corresponding "characteristics of the initial
(upstream) flow". It ought to be noticed that several of their measurements were
made in the immediate negiborhood of the jet exit, where the potential core
region is still present. In the region downstream of athowever their results
may be said to be complemented by the presented hypothesis on the downstream
development of the Reynolds stresses. Their representation of the variation of
the centerline turbulence intensity may thus have been put in a different
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perspective.

t.) No analytic expression for the similarity profile for u is suggested. This re-
flects the contention that boundary conditions will influence tne recirculating
motion and thus change the profile in the outer region of the jet where measure-
ments are difficult to make.

7.) The contention of the similarity property of the fluctuations leading to the
contended transport theory for the Reynolds' stresses is in complete accor-
dance with the von K&rmhn concept.

8.) All conclusions drawn here are supported by data obtained so far in the water-
in-water jet. These data, obtained by hot-wire anemometry, are however steadily
being extended and will be reported on elsewhere.
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SUMMARY

Low-speed wind-tunnel testing of V/STOL aircraft concepts to determine the
aerodynamic-propulsion interaction effects during the transition between hover and wing-
borne flight is a necessary step in the development cycle of this type of aircraft.
Powered models are normally used to determine the aerodynamic performance charac-
teristics. This paper examines some of the pretest preparation necessary to define the
objectives of an appropriate investigation. Several factors which influence the selec-
tion of the model concept and the engine simulator are discussed. In addition, some of
the test techniques important for this class of aircraft model are examined. Finally,
the paper reviews some of the wind-tunnel wall effects important to this type of
aircraft testing with special emphasis on groundplane effects.

SYMBOLS

A area, m
2 

(ft
2
) or aspect ratio, b

2
/S

Ae Aj  engine exit cross-sectional area, m
2 

(ft
2
)

Ai  engine inlet cross-sectional area, m
2 

(ft
2

b wing span, m (ft)

c chord, m (ft)

CD drag coefficient, Drag/q_/S

CL lift coefficient, Lift/q.S

CL,. lift coefficient out of ground effect

CNT tail normal-force coefficient, NT/q.ST

CT thrust coefficient, T/(q.S)

D,Dn jet diameter, m (ft)

De  equivalent exit diameter, the diameter of a circle whose area equals the sum of

the areas of all the engine exits, m (ft)

h height of jet above ground, m (ft)

it length, m (ft)

L lift, N (lb)

NT tail normal force, N (lb)

P pressure, Pa (lb/ft 2 )

2q. free-stream dynamic pressure, Pa (lb/ft

qmax maximum dynamic pressure at jet exit plane, N (lb/ft
2
)

q(z) maximum dynamic pressure at distance z from the jet exit plane, N (lb/ft
2

S wing area, m
2 

(ft
2
)

2 2
ST  tail area, m (ft

2
)

T static thrust, N (Ib)

YV. free-stream velocity, m/sec (ft/see)

VbVG ground belt velocity, m/sec (ft/see)

Ve effective velocity ratio, q./(T/2Ae) e

Ve' effective velocity ratio at which jet impinges on floor, 1.31 De/h

Ve,min  minimum effective velocity ratio for which data can be corrected to free airconditions, 0.65 Ve'

V jet velocity, m/sec (ft/sec)

|j



- inlet weight flow, N/sec (b/sec)

drive weight flow, N/sec (lb/sec)

x,y,z distance along X, Y, or Z axis, respectively, m (ft)

XYZ Cartesian coordinates

a angle of attack, deg

6 f flap deflection angle, deg

6 jet deflection angle, deg

aL induced lift increment, N (Ib)

As change in angle of attack due to wall effects, deg

n flap turning efficiency, Resultant force/static thrust

Ac/4 sweep angle of the wing quarter chord, deg

Notation:

CL conventional landing

CTO conventional takeoff

OGE out of ground effect

RVTO rolling vertical takeoff

STO short takeoff

VTO vertical takeoff

1.0 INTRODUCTION

V/STOL aircraft frequently experience considerable refinement as the design
passes from the conceptual development phase through the preliminary design and final
configuration definition process. These refinements are usually a result of compromises
in performance requirements which occur as a result of the extreme variety
flight conditions imposed upon these types of aircraft. While a V/STOL aircraft
design must achieve efficient performance throughout the entire mission,
particular emphasis must be given to performance in the low-speed transition
between hover and wingborne flight.

The propulsion systems of V/STOL aircraft must be designed to generate both the
thrust needed for conventional flight and the lift force needed for hover and the addi-
tional force components necessary for control purposes during hover and transition
flight. This multi-function character of the V/STOL propulsion system requires design
features which makes it significantly different from conventional aircraft propulsion
systems. For example, in most aircraft configurations, the lifting force for hover is
provided at two or more locations in order to provide moment trim and control about all
three axes.

The lift jet exhaust issuing from the aircraft mix with the external flow field
to generate an extremely complicated three-dimensional flow. In general, the jet-
induced effects cause additional forces and moments on the aircraft both statically and
dynamically. The character and magnitude of these jet-induced effects are influenced by
the flight regime as well as by the specific aircraft configuration. Several authors
have surveyed and described these V/STOL propulsion-induced effects (see refs. I to 4).

In the low-speed flight regime, these effects are present in several areas:
(1) the performance losses sustained while hovering out-of-ground effect; (2) the per-
formance changes and hot-gas ingestion problems occurring while hovering in-ground
effect; and (3) the induced aerodynamic effects in transition flight from hover to wing-
borne flight (out-of-ground effect and in-ground effect) during a horizontal flight
mode. Resolution of the conflicts which arise from the design requirements imposed by
these different modes of flight present a significant challenge to the aircraft
designer. Satisfactory solution is essential in order to provide the necessary lift
forces as well as adequate control power for low-speed flight.

The designer must be able to estimate the performance of the aircraft in this
low-speed flight regime. Since very few proven prediction methods are available (ref.
5), extensive wind-tunnel investigations must be conducted to verify the performance
estimates. The results of these investigations are used to refine the configuration
while the design process continues through prototype flight to production.
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Techniques for low-speed wind-tunnel tests of conventional aircraft configura-
tions are fairly well established (ref. 6); however, additional factors must be con-
sidered when testing V/STOL configurations. Although V/STOL aircraft include a very
large variety of configurations, they may be conveniently grouped into two broad
categories: those having very low disk loading and those having high disk loading. The
most common category is the low-disk loading rotorcraft. Examples of powered rotorcraft
models (fig. 1) are the AH-IG (ref. 7), the ABC (advanced blade concept) (ref. 8), the
RSRA (rotor systems research aircraft) (ref. 9), and the tilt-proprotor configuration
(ref. 10). These models typically use electric motors, gear boxes, rotating shafts, and
variable pitch rotors to provide their powered lift. As a class, rotorcraft models are
very complex mechanically, especially with regard to the dynamic modeling requirements.
For example, the general rotor model system (GRMS) (ref. 11) used for the AH-lG (ref. 7)
and RSRA (ref. 9) models is an extremely complex piece of equipment. Detailed
discussion of the complexities of such rotorcraft models will not be attempted within
the scope of the present paper. The GRMS is discussed in detail in reference 11, and a
broader look at rotorcraft models is presented in reference 12.

The second major category of V/STOL aircraft configurations is the high-disk
loading vehicles as illustrated in figure 2. Examples of STOL aircraft models include
externally blown flap (EBF) (ref. 13), upper-surface blown (USB) flap (ref. 14), and
internally blown jet flap (IBF) (ref. 15). An examination of propulsive-lift aerody-
namic theories pertinent to STOL aircraft is presented in reference 16 in which many
methods are discussed, ranging from Spence's two-dimensional jet-flap procedure to
recent three-dimensional theories which require large, complex computer programs. Some
of these methods are effective means of estimating gross performance for STOL
configurations. Examples of V/STOL aircraft models include lift-jet plus lift-cruise
(ref. 17), deflected thrust (ref. 18), augmentor (ref. 19), and lift fan (ref. 20).

Despite many conferences (such as ref. 2) and publications concerning V/STOL
aero/propulsion interaction, there has been a limited documentation of V/STOL model test
techniques. In the 1960's, John Williams and associates published several very useful
reports (e.g. ref. 21) which provided detailed information of specific test techniques
such as strain-gage balances with air lines for propulsion power, model scale simulation
of jet engines, and groundplane effects. Recently, several papers (refs. 22 to 25) have
been published with descriptions of more recent model methods. The material from
reference 25 by Nark has been especially useful for the present paper.

Since the configurations involving jet V/STOL aircraft concepts have more
demanding test requirements than the STOL configurations, the present paper will empha-
size factors which influence wind-tunnel tests of high-disk loading V/STOL aircraft.
These factors will be discussed in three sections: (1) Pretest Preparation; (2) Test
Techniques; and (3) Tunnel and Groundplane Effects.

2.0 PRETEST PREPARATION

2.1 Define Investigation Objectives

The first step in planning a jet V/STOL wind-tunnel investigation is a defini-
tion of the test objectives. Generally, this will require measurement of the aerodyna-
mic forces and moments for longitudinal performance characteristics and, occasionally,
for lateral-directional characteristics as well. These aerodynamic characteristics
must include the aerodynamic propulsion-induced effects for transition flight, that is,
between hover and wingborne flight. This usually includes vertical takeoff and landing
as well as short takeoff and landing characteristics. The flight envelope must be
defined in sufficient detail so that the test parameters can provide adequate definition
of the thrust effects. The configuration variables must be identified and the model so
constructed that significant variables, such as flap deflection, tail incidence, nozzle
deflection, control surface deflection, external stores, landing gear, and other pertur-
bations and protrusions may be evaluated.

The first, and most obvious, requirement in evaluating the performance of
flight vehicles using wind-tunnel data is that the flight aircraft must be faithfully
duplicated in the wind-tunnel model. Unfortunately, this duplication is seldom achieved
in practice and for many reasons. Often power-train components cannot be obtained in
physical sizes that permit direct scaling. The wind-tunnel tests are accomplished
before flight, and changes are usually incorporated in the aircraft as a result of the
wind-tunnel tests. Often the cost of a completely scaled model is prohibitive in rela-
tion to the purposes of a particular test. In any event, complete model-scale duplica-
tion of the flight aircraft is seldom accomplished, and it then becomes important to
reduce the significance of the differences by careful representation of the actual
aircraft and by careful testing techniques.

When designing a wind-tunnel model to represent a powered V/STOL configuration,
there are a number of significant factors to be considered. Some of the major factors
requiring attention are: engine device selection for be&t simulation, model scale size
for maximum model construction efficiency, model scale size to tunnel size ratio for
minimum wall-induced interference, engine-inlet mass-flow simulation (critical to V/STOL
concepts), and drive-air mass-flow requirements as related to available high pressure
air supply.



Experience over many years with powered model testing has shown that attention

to detail is much more critical for this class of models than for conventional aerodyna-
mic testing. Faithful reproduction of the various details of the model are necessary,
and some of these factors will be discussed in more detail in subsequent sections.
Further, good advanced planning pays off in making the data from the tests far more use-
ful. Finally, because of the increased number of model variables and test condition
variables, this type of testing requires many more runs than a conventional model; hence
the tunnel entries tend to be rather lengthy. Careful planning is required to arrange
the run schedule in such a way that proper power-off conditions are obtained for use
with the power-on data so that proper data correlation can be accomplished.

2.2 Select Model Concept

Proper selection of the model concept involves several factors which will be
discussed in the following sections. One of the first decisions is a determination of
whether to use a full-span configuration or a semispan configuration. Next, the balance
concept must be selected. Whether to include the thrust forces on the balance or to
measure the aerodynamic forces separately is the fundamental choice. The third area
deals with the propulsion factors and their influence on the aerodynamics. A few
examples of the significance of model details on the aero/propulsion induced effects
will be illustrated to identify the significance of small configuration changes.

2.2.1 Semispan Vt-rsus Complete Configuration

The choice between a full-span or a semispan model is often dictated by the
availability of wind-tunnel facilities. An example of this choice was described by
Zierten and Rettie (fig. 3, see ref. 23) where a semispan C-14 model was tested in a
2.7- by 2.7-m (9- by 9-ft) tunnel, and later a full-span model was developed for tests
in a 6.1- by 6.1-m (20- by 20-ft) wind tunnel. The results showed very good com-
parison between the two concepts for the longitudinal aerodynamic data, but unsatisfac-
tory comparisons for some of the lateral-directional data.

The results of some tests conducted in Germany by Hertel on a two-nozzle con-
figuration (ref. 26) are presented in figure 4. The sketch shows the two nozzles
exhausting near the ground with an upflow. Starting at the centerline between the two
jets, the velocity of the upflow was measured with both jets operating; the results are
indicated by the circles. There was a gradual dropoff in the upflow velocity as the
probe was moved toward the jet centerline from the line of symmetry. With a reflection
plane at the plane of symmetry, there was an increased upflow velocity at the line of
symmetry which drops off more rapidly than the data without the plane of symmetry. The
use of a vertical reflection plane is not appropriate for measuring data with jets in
ground effect. Further, the results show that there is not a true line of symmetry;
instead, there is quite a bit of mixing and interaction between the upflows from the two
jets. Even with a fully three-dimensional model, asymmetries can occur. The model jet
deflections and pressure ratios must be carefully balanced to accurately describe the
actual configuration. For example, Hall (ref. 27) showed that major asymmetry occurs
with twin jets which have either different pressure ratios or different deflection
angles.

The reflection plane also has an adverse effect on the inlet temperature rise.
Data obtained by Ryan, Heim, and Cosgrave (ref. 28) with a small-scale hot-gas ingestion
model are presented in figure 5 to show this effect. The two jets, impinging on the
ground with an interference fountain between them, are moved from a height of 2 diame-
ters above the ground to a height of 10 diameters above the ground. When no reflection
plane is located between the two jets, there is a large inlet temperature rise at height
of 2 diameters. The inlet temperature rise decreases sharply and then approaches zero
at heights above 10 diameters. With the reflection plane, however, there is a tem-
perature rise of only about 30°F (170 C) close to the ground, and the inlet temperatures
increase steadily as the nozzles are moved away from the ground. When the nozzles are
close to the ground, high velocities on the reflection plane carry the gases up above
the inlet and disperse them away from the inlet. Consequently, inlets near the ground
are not influenced by the hot gases when the reflection plane is in place. As the
nozzles are moved away from the ground, with a reflection plane being present, the
inlets gradually move into a region where the hot gases tend to congregate, furnishing
results in sharp contrast to the data without the reflection plane. The data in figures
4 and 5 indicate the importance of the modeling techniques used in investigating
aerodynamic/propulsion interaction problems.

2.2.2 Balance Selection

An important factor in defining the model concept is selection of the best means
of force and moment measurement. Most modern tunnel facilities utilize internal strain-
gage balances to measure the forces and moments, but there are certain constraints on
the proper selection of such balances. Transition tests of jet V/STOL aircraft occur at
low free-stream dynamic pressures which lead to small aerodynamic forces. As a result,
it is important to keep the model weight low so that the balance can have adequate sen-
sitivity for the low forces and moments generated aerodynamically. Another important
aspect of sizing the balance is a determination of whether to make the thrust forces
metric or nonmetric. An illustration of the impact of this is presented in figure 6
which shows a typical lift-drag polar for a powered-lift model. The curve in the upper
left shows the results of a model with metric thrust forces. The lift coefficients are
greater than 7 and large thrust forces (drag coefficients less than -2) are experienced.
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The balance must be sized to handle the large forces generated by the engines at large
negative drag coefficients. Generally, better overall aerodynamic data information is
possible with a metric engine-thrust installation. Nonmetric designs typically generate
ambiguous data when airframe balance results are combined with thrust forces.

The data on the right hand portion of figure 6 illustrate the airframe forces
that would be measured by a nonmetric thrust balance installation. The lift coef-
ficients get as high as 5 and the drag coefficients range from 0 to 1; therefore, a more
sensitive balance can be selected for the nonmetric case, especially in the axial force
component. An excellent discussion of the merits of nonmetric thrust installation (fig.
7) were presented by Knott (ref. 22). One of the most important benefits includes
avoiding crossing the balance with the high pressure air for the thrust simulator.
Obtaining a precise thrust value is less critical for high quality aerodynamic inter-
ference data since it can be measured directly. However, fouling between the propulsive
side of the model and the aerodynamic side of the model is difficult to avoid and
requires considerable attention to detail. Precise measurement of thrust-induced force
increments can be obtained betweenusing such a nonmetric engine thrust installation.

2.2.3 Propulsion Factors

One particularly important aspect of V/STOL model testing is the need to
describe a "power-off reference configuration" for each power-on configuration tested.
These data are used to determine the interference of the lifting jets on the transition
flight aerodynamic characteristics. One method of evaluating induced power effects is
given by equation (1):

AL L CL power off S 2 + sin (a + 6
T T 2 A epower on e

When a model has a flow-through nacelle for the cruise configuration, it provides the
least restriction to air flow and, as a result, the lowest interference drag force.
When an engine simulator is installed, it provides a restriction to the flow when it is
unpowered. As a result, an increased interference drag force occurs and the inlet-mass
flow is reduced. When either the nacelle exit or the entire nacelle is deflected, the
flow interference increases and becomes more complex producing larger effects on the
model aerodynamic performance. In the case of an augmentor configuration the wing sur-
face deflects to form a nonaerodynamic shape which produces largely separated flow and
results in completely ambiguous aerodynamic data.

Previous work (refs. 29 to 31) has shown that the effect of engine inlet flow
can be significant even when the engine simulator is not powered. An example of these
effects are presented in figure 8 for a subsonic, vectored-thrust V/STOL configuration
with the nozzles deflected 900. Longitudinal aerodynamic performance characteristics
are presented for the model with inlets either open or closed for identical operating
conditions. Ejectors similar to those described in reference 32 were used in the wind-
tunnel model. Without thrust, the inlet weight flow measured was dependent on the free-
stream dynamic pressure. With thrust, the inlet weight flow measured was nearly
independent of free-stream dynamic pressure and thrust level because of choking near the
ejector primary nozzles. Data were also taken with the inlets closed. By using the
inlet weight flow rate and the free-stream density, the increment in lift due to the
inlet flow was calculated to be significantly less than the measured lift increment. A
comparison of wing pressure data (ref. 31) without power for the inlets open and inlets
closed for the front vectored thrust configurations helps explain part of this dif-

ference. These data show that closing the inlets induced a downwash on the wing which
decreased local angle of attack between 10 and 20. Fuselage and nacelle pressure data
indicate that opening the inlets produced flow changes similar to those associated with
the jet-exit interference effect at high effective velocity ratios. These results are
discussed in detail in reference 29 and indicate that the inlet effect is largely caused
by the nozzle efflux.

Several experimental investigations (ref. 33 to 36) have demonstrated that the
turbulence and/or decay of jet dynamic pressure with increasing distance from the jet
exit has a significant impact on the jet-induced loads. An example (ref. 36) of these
results is shown in figure 9 where the decay of the jet dynamic pressure is plotted as a
function of distance downstream from the jet for hover. The jet with the slowest rate
of dynamic pressure decay is deemed to have the longest potential core in the jet,
approximately 6 diameters. With a plug representing an engine centerbody inserted flush
with the exit, the dynamic pressure drops somewhat more rapidly. As the round plug,
simulating the centerbody, is moved inside the jet, away from the exit plane, further
reductions in dynamic pressure are noted. Using these jet configurations, data (fig.
10) were obtained with the jet mounted in a flat plate to determine the hover lift
losses. The data show that the lift losses obtained are proportional to the rate of
decay of the jet shown in figure 9; that is, the jet with the least turbulence has the
least lift loss. The jets with the highest levels of turbulence have the highest lift
loss. Work (ref. 34) was done with the same hardware to determine the influence of the
centerbody on the jet turbulence for lift loss at transition flight speeds. An apparent
contrasting trend was found; that is, there is a crossover at a low forward velocity
ratio (approximately 0.10) as transition speeds approaching wingborne flight are
obtained, the greatest lift losses are obtained with the jet having the least turbulence
in hover. However, jet decay data in reference 34 show that as the crossflow increases,
the jet decay occurs more rapidly. These results show that the presence of a centerbody



in the nozzle of the jet significantly influences the jet-induced interference effects.
Jet V/STOL models should duplicate, as closely as possible, the anticipated jet exhaust
conditions. It further appears that previous model studies which have nad uniform jet
velocity profiles may have significantly overestimated the jet-induced lift losses in
transition flight.

2.2.4 Model Detail

A number of investigations have shown the importance of modeling even minute
details in the model construction techniques. Perhaps one of the most interesting
results (ref. 37) obtained shows the effect on induced lift of a systematic variation of
fuselage bottom edge radii. Figure 12 shows that a flat fuselage bottom with sharp
edges produces a positive induced lift. This induced lift decreases rapidly with small
increases in edge radius, and especially at low heights; it could be concluded that the
action of the fountain upwash on the fuselage is the principal cause.

An investigation (ref. 38) was conducted with simplified EBF wind-tunnel models
to obtain information on the effect of wing sweep. One of the models was unswept with a
rectangular planform and the other had 270 sweep with a taper ratio of 0.3. Both models
were tested with a flap deflection of 600. A comparison of these swept- and unswept-
m ing EBF model data with YC-15 flight data obtained in steady flight at various values
of h/c is shown in figure 13. The unswept-wing model data are in good agreement with
the flight data, indicating that wing sweep may be an important factor determining the
ground effects of powered-lift STOL aircraft. The close quantitative agreement between
the model and airplane results is probably fortuitous since there are a number of dif-
ferences between the two configurations, such as flap deflection and wing taper ratio.
However, it would be expected that wind-tunnel tests of an exact model of the YC-15
airplane would produce positive lift increments in ground effect generally similar to
those observed on the airplane. The conclusion can then be drawn that the apparent
discrepancy between YC-15 flight ground effects and the early EBF model ground effects
can be explained by differences in configuration such as wing sweep and flap deflection.

2.3 Engine Simulator Selection

Since propulsion effects are the most critical factor in the transition regime
of V/STOL concepts, the most important model design decision should be the engine simu-
lator selection. Several concepts for thrust simulation are available to the model
designer. A brief summary of these concepts is provided in Table 2 (taken from ref.
25). The simplest concept, the flow-through nacelle for unpowered wind-tunnel models,
is relatively simple to design and build, and quite adequate for aerodynamic drag
studies where propulsion induced effects are not a significant factor. A second
approach is a jet powered by compressed air from a plenum chamber. This concept
provides a very simple operation for test purposes while maintaining a generally good
representation of the exit geometry and jet pressure ratio. It can be used for both hot
and cold jets. The one deficiency in this arrangement is that the inlet flow is not
simulated. A third concept is the jet ejector, which does provide both inlet and
exhaust flow simulation. However, it is difficult to achieve a scaled inlet flow rate
when the exhaust thrust is simulated. The final approach is the turbine powered simula-
tor which is the most complex and, for low pressure ratio applications, provides a very
fine simulation tool. It is, however, quite expensive, difficult to calibrate, and sub-
ject to problems of equipment reliability.

2.3.1 Simulator Concept

To illustrate the simulator concept selection process, a specific example based
on the model in reference 40 will be used. A comparison of a full-scale fan configura-
tion and three available simulators is presented in figure 14. The physical descrip-
tions and calibration data have been published for the 14-cm (5.5 in.) diameter fan
(ref. 39) and for the small ejector (ref. 32). The model scale will be determined by
the ratio of simulator diameter to full-scale diameter; therefore, once an existing
simulator has been chosen, the model size is fixed. For the example model, three model
scales were possible: the 14-cm (5.5-in.) diameter fan would provide an 8.6-percent
scaled model, the lift-fan ejector (11.3 cm diameter) model scale would be 7.4 percent,
and the ejector (5.1 cm diameter) model scale would be 3.4 percent. Model size alone
cannot be used as the yardstick for selection of the 14-cm (5.5-in.) diameter fan or the
lift-fan ejector. However, the ejector simulator results in such a small model that it
would be difficult to install the necessary instrumentation. Figure 15 presents
a comparison of the installation of each of these simulators in a proposed scale model
of a tandem lift-fan pod. The front fan was facing forward with side deflector nozzles
and the aft fan was mounted horizontally for lift.

2.3.2 Inlet-Flow Simulation

The positions of the engine inlets in V/STOL aircraft configurations can
strongly influence the external flow over nearby surfaces. The inlets of lifting
engines are frequently located on the upper surface of the fuselage, wing, or a pod.
The engines must operate efficiently with the inlet-flow distortion caused by the exter-
nal flow over the upper surfaces. These factors, peculiar to many V/STOL concepts,
require that the engine inlet flow be simulated properly. Figure 16 presents a com-
parison of inlet mass flow of three engine simulators with that of the full-scale
engine. The inlet mass flow is ratioed to the exit cross-sectional area. This figure
indicates that the 14-cm (5.5-in.) diameter fan simulates the full-scale article very



well, while the ejector simulator provides only about half of the scaled inlet flow. In
the case of the 14-cm (5.5-in.) diameter fan, if the exit-flow characteristics are simu-
lated properly, the inlet-flow characteristics will also be simulated properly.

2.3.3 Drive Air Requirements

After evaluating the adequacy of each engine simulator for use in an investiga-
tion, it must be determined if the needed compressed air to drive the simulators is
available. A comparison of the drive air required to operate these simulators is pre-
sented in figure 17. The scale on the right indicates that the thrust required is a
direct function of the model scale factor squared. The total scaled thrust required to
simulate aircraft operating conditions through transition is presented as a function of
required drive air mass flow and effective velocity ratio defined as Ve - q./(T/2Ae).
The determination of required thrust at particular effective velocity ratios will be
described later.

The thrust versus drive-air mass flow curves (shown in fig. 17) indicate the
thrust required to properly operate the simulators. The curve does not indicate the
maximum thrust available from the simulators, but does indicate the amount of compressed
air needed to operate these simulators. Figure 17 indicates that the lift-fan ejector
simulators will require a maximum of 44 N/sec (10 lb/sec). However, plumbing bends,
unions, and valves could possibly increase line loss to a value which might make it dif-
ficult to deliver full flow to the model simulators unless a very high supply pressure
is available. It was concluded after review of the advantages and disadvantages Qf each
engine simulator that the most appropriate simulation system for this particular example
should be the 14-cm (5.5-in.) diameter fans.

2.3.4 Static Thrust Calibration

For most aerodynamic testing, the primary variables that must be properly simu-
lated are the jet thrust exit area and inlet mass flow. It has been shown and discussed
previously in figures 9 to 11 that the exit dynamic pressure decay can be a significant
factor in the simulation of aero/propulsion interference effects. Part of the calibra-
tion should include a documentation of the dynamic pressure decay for the device used in
the model.

Proper calibration of inlet flow involves the use of specific facilities such
as those shown in figures 18 and 19 and described in references 41 and 42, respectively.
These facilities used either a vacuum tank on the exit (fig. 18) or a pressure tank on
the inlet (fig. 19) to simulate the nozzle pressure ratio. Briefly, the powered model
static test stand (fig. 19, ref. 42) allows direct reading of two force components and
the moment in the nozzle plane of symmetry. The apparatus consists of a metric platform
supported by four pads floating in mercury. The platform is restrained by load cells
which provide the force and moment measurements. Each of the load cells can be loaded
for calibrations with a special screw Jack and reference load cell. High pressure air
is supplied to the platform through a flexible hose cross-over system. The cross-over
hoses terminate in the plenum chamber. The models attach to the apparatus at this
point. Proper simulation of the nozzle pressure ratios encountered in the wind tunnel
was accomplished by pressurizing the fan airflow to a total pressure of nearly 1.9
atmospheres. At the highest pressure ratio setting and highest inlet total pressure
setting, nozzle pressure ratios were on the order of 2.7. Both the fan flow rate and
turbine flow rate were measured using standard flow meters. These flow meters were
installed in the air supply lines upstream of the thrust stand.

The fundamental paramet rs calibrated were the fan weight flow and the nozzle
gross thrust. The fan weight flow calibration is based upon measured inlet flow con-
ditions. The gross thrust calibration is determined from measured fan and turbine
discharge characteristics and from local flow conditions external to the nozzle exit.
The pressure data were recorded using instrumentation in the engine simulator. The
thrust was measured by the powered model test stand. The instrumentation used in the
powered nacelles was sufficiently redundant to provide different methods of calibration
for both weight flow and thrust. The following discussion describes the version of fan
weight flow and gross thrust calibrations that were used for the wind-tunnel testing.
The selected methods of calibration provide the most accurate and straightforward
results.

The pretest thrust calibration procedure should include measurement of the
inlet weight flow, the total resultant thrust force, the deflection angle of the efflux
and dynamic pressure decay. These calibrations preferably should be done both for the
isolated simulator device, and for the simulator device assembled in the complete
airplane configuration. The pretest calibration curves should be checked as part of the
wind-tunnel investigation for each model configuration. This check is necessary to
calculate the induced effects of thrust on the aerodynamic data. The importance of
checking the thrust calibrations during the tunnel entry should be emphasized as a major

way of achieving confidence in the accuracy of the results.

3.0 TEST TECHNIQUES

V/STOL test techniques involve considerable attention to model detail to be
sure that the test configuration represents the desired configuration. Examples of the
significance of these details has been shown in figures 12 and 13. The model must
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accurately represent the airplane. Part of good test technique is the checking or
rerunning the static calibration in the wind tunnel as discussed in the previous
section. The establishment of a good test program is essential to the acquisition of
the necessary data. Several factors involved in test program development will be
discussed in the next few sections.

3.1 V/STOL Transition Flight Representation

The estimated operating conditions of the full-scale aircraft configuration
through the transition flight regime are needed before a useful test plan can be deve-
loped. An example of the V/STOL regime for the AV-8B aircraft (ref. 24) is illustrated
in figure 20 where the relationship between air speed and the engine nozzle angle for
level flight is shown. Examination of the shaded portion and the light portion of the
plot shows that a large number of potential test conditions can be eliminated and a more
directed test program can be established. Another example of the V/STOL flight regime
for a transport type V/STOL (ref. 40) is presented in figure 21 for the configuration in
the takeoff and in the landing conversions. The required percentage of installed thrust
and the resultant forward speed for equilibrium flight through transition is shown in
figure 21. The curves presented in figure 22 indicate the relationship between thrust
deflection and forward speed, and are plotted as a function of the jet deflection angle
for the landing and takeoff conversions. One way to keep the length of the tunnel entry
to a minimum is to obtain aerodynamic data only near the estimated operational effective
velocity ratios and the full-scale dynamic pressure shown by the shaded regions. For
example, detailed aerodynamic performance testing of the configuration with a jet
deflection of 00 at very low velocity ratios or with a jet deflection of 900 at very
high velocity ratios would be unreasonable. The flight vehicle could not operate under
these conditions and the data generated would not be representative of a realistic
flight envelope.

3.2 Aerodynamic Data Nondimensionalization

The data from several V/STOL configurations (fig. 23, refs. 30, 18, 17, and 43
clockwise from upper left photograph) that have been tested in the Langley 4- by 7-Meter
(V/STOL) Tunnel and in the 300-MPH 7- by 10-Foot Low-Speed Tunnel have been analyzed to
determine jet-induced interference effects. Configurations with the rear nozzles at the
wing trailing edge show beneficial jet interference at transition velocity ratios. This
is illustrated by a wing-canard configuration in figure 24 along with data for the
Harrier-type configuration showing the detrimental jet interference typical of con-
figurations having nozzles under the wing. In order to directly compare one con-
figuration with another, figure 25 presents L/T versus Ve for several configurations.
From this more traditional approach, it would appear that the wing-canard configuration
would be the superior configuration. However, this approach does not account for wing
or jet areas that may be different on each configuration.

If, however, equation (1) is rearranged, the data can be compared as
(L/T) (Aj/S) versus (Ve) , a different conclusion may be evident

L L = CL poer off + AJ (a + 6
TS 2 (Ve2) - ( j (2)

where the first term on the right hand side of the equation is the slope and is a func-
tion of the power-off configuration CL, and the second term is the intercept and is a
function of jet aiea. Therefore, the higher the power-off CL, the better the con-
figuration should be in transition; the larger the disk or jet area, and hence lower
disk loading, the better the corfiguration should be in hover. everal points can be
noted: (1) the (L/T) (Aj/S) parameter is nearly linear with (Ve)I; (2) the slope of the
parameter is indicative of the configuration aerodynamic lift coefficient and is thus a
measure of how well it might perform in transition flight; (3) the value of the para-
meter at the intercept when Ve = 0 is indicative of how well the configuration can
hover; and (4) any difference between the data and the plot of calculated (L/T) (Aj/S)
is an indication of the interference present. The data in figure 26 show the same
interference trends for the wing-canard configuration and the Harrier-type configuration
as in figure 25. Where the data of figure 25 show the wing-canard configuration to be
superior, in figure 26, it is shown to have inferior hover performance because it is a
higher pressure ratio concept. These configurations are compared at several angles of
attack and nozzle deflections in reference 44.

Several general trends can be noted. Those configurations with nozzles at or
near the wing trailing-edge flaps have high slopes and generally beneficial interference
effects indicating potentially good transition characteristics. However, these con-
figurations tend to have small nozzle areas and a resultant high thrust loading which
make them poor hovering configurations. The Harrier-type configuration with nozzles
below the wing has detrimental interference effects indicating poorer transition charac-
teristics. However, this configuration had a larger jet area and showed better hovering
characteristics. While many other data nondimensionalization formats could be used,
these data analyses are intended to illustrate the importance of the format selection
when evaluating data from a particular V/STOL aircraft or when comparing several V/STOL
aircraft.



15-9

4.0 WIND-TUNNEL WALL AND GROUNDPLANE EFFECTS

4.1 Wind-Tunnel Wall Effects

The primary work on wind-tunnel wall effects and their corrections for V/STOL
configurations was done by Heyson (refs. 45 to 47). This work differs from classicial
corrections (ref. 48) because it eliminates the small angle assumption for the change in
angle of attack due to wall effects. It was shown that theoretical correction is effec-
tive if the magnitude of wall interference is kept within reasonable bounds. The wall
interference tends to be proportional to lift coefficient. As a result, it is quite
large for V/STOL configurations where the lift coefficient approaches infinity as the
forward speed approaches zero.

The character of the flow distortion caused by the presence of the walls is
typified by nonuniform interference as illustrated in figure 27. Variations of flow
angularity occur across the span of the test section and affects the wind-tunnel model
as a wash-in twist distribution (local a increase from wing root to wing tip). Proper
correction requires that the wing spanload distribution be corrected to the uniform
free-air flow angle. Variations of flow angularity along the length of the test section
due to wall interference can present a more serious problem. Over the length of the
vehicle, the distortion can be large enough to provide an aerodynamic change in both
tail incidence and height. Effectively, the model is distorted from the configuration
which it was originally intended to represent. Corrections for these longitudinal angu-
larity variations are most difficult as shown below.

A systematic investigation (ref. 49) of the wind-tunnel wall effects was con-
ducted in several different wind-tunnel test sections using the model shown in figure 28.
The fan-in-wing model used a 20-cm (8-in.) diameter fan mounted in each side of a low-
aspect-ratio wing. The wing-fuselage was mounted on a strain-gage balance with the
horizontal tail mounted on a separate strain-gage balance. A sample of the data
obtained on the wing-fuselage at an angle of attack of 160 is presented in figure 29.
Without corrections, the lift-thrust ratio appears to be inversely proportional to the
cross-sectional area of the test section. With corrections, excellent correlation of
the wing lift parameter is achieved throughout the range of effective velocity ratio.
This indicates that the chordwise and spanwise variations of flow angularity at the wing
due to wall interference have been properly accounted for.

A sample of the data obtained on the tail at an angle of attack of only 00 is
presented in figure 30. Without corrections, the tail normal-force coefficient shows
considered scatter at the low velocity ratios. There are no discernable trends with
change in test section cross-sectional area. With corrections, there is a change in
local angle of attack especially at the low velocity ratios as shown by the more nega-
tive tail normal force coefficients. However, the corrections are not effective in
reducing the data scatter and providing consistent experimental results. These data
show that there is a limit to which these corrections can be applied.

This limit was experimentally investigated in detail by Tyler and Williamson
(ref. 50) and was found to be a function of the jet height above the tunnel floor and
the effective diameter of the jets. (See fig. 31.) The effective velocity ratio (for a
configuration with two laterally spread jets) at which the jet exhaust impinged on the
floor was experimentally determined to be:

Ve' = 1.31 De/h (3)

Assuming a De/h of 0.143 for a typical model (ref. 40) which is mounted 7 effective
diameters above the floor, Ve' becomes 0.187. It was found, based on data taken with a
model in various tunnel sizes, that the effect of the walls could be corrected to free
air with an effective velocity ratio of 65 percent of the stagnation point velocity
ratio Ve'. For De/h of 0.143, this Ve min becomes 0.121. Using the correction tech-
nique described in references 45 and 46 and keeping the maximum correction to angle of
attack Aa at the tail to 50, resulted in a Vemin of 0.125. Testing below this
minimum velocity ratio would cause a vortex to be formed ahead of the model (as shown in
fig. 31) which would encircle the model inducing flow patterns inconsistent with the
free-air condition. Another suggestion (ref. 51) for a limiting test condition is to
terminate testing when the deflected lifting wake impinges 2.5 wing spans downstream
from the model. This is consistent with Turner's criteria for use of a moving-belt
groundplane which will be discussed in Section 4.3.

4.2 Conventional Groundplane

The effect of the boundary layer developed on a conventional groundboard was
studied in reference 52 to identify expected adverse effects. The experiments were made
using a carriage to move a model through still air over the ground in the same fashion
as an airplane landing or taking off. This same model was then tested over a conven-
tional fixed groundboard in a wind tunnel. The lift-loss increment over the fixed
groundboard was much greater than that experienced with the moving model technique which
represents the true loss in lift that this type of configuration would experience in
ground effect. There is an additional lift loss for the wind-tunnel results caused by
the boundary layer on the conventional fixed groundboard. Figure 32 shows schematically
the type of flow that has been observed conventional groundboard tests with only the air



moving and in moving model tests as observed in O.N.E.R.A. water-tunnel flow visualiza-
tion experiments (ref. 53). The top sketch shows the flow pattern around the model
moving at free-stream velocity with no boundary-layer induced velocity reduction as
illustrated by the vector sketch on the left. The jet sheet from the model impinges on
the groundboard with some of the sheet attempting to flow forward under the model. This
forward flow can penetrate the high energy free-stream air only a short distance. The
bottom sketch shows the flow field around the model over a fixed groundboard with the
velocity profile at the left showing the loss in velocity in the boundary layer on the
groundboard. The jet sheet impinges as before but the part of the sheet that flows for-
ward under the model nearest the groundboard can penetrate farther upstream because of
the lower energy of the airstream in the boundary layer; this upstream penetration by
the jet sheet can separate the boundary layer even upstream of the model. This
boundary-layer separation results in an appreciable alteration of the flow field in the
vicinity of the model as indicated by the relocation of the stagnation streamline. It
is apparent that the boundary layer on the groundboard must be eliminated for proper
ground simulation.

4.3 Moving-Belt Groundplane

Several research organizations have developed moving-belt groundplanes to
better simulate the ground effect and eliminate the boundary layer found in wind tun-
nels. A sketch of one of the first moving-belt groundplanes developed (ref. 54) is pre-
sented ir figure 33. This elaborate moving-belt groundplane was developed at the Royal
Aircraft Establishment for tests with speeds up to 27.4 m/sec (90.0 ft/sec). The lower
part of the figure shows the effectiveness of the belt in removing the ground boundary
layer and achieving an approximately uniform velocity profile down to the groundplane
surface. Turner (ref. 52) developed several moving-belt groundplanes at the NASA
Langley Research Center. A variety of aircraft configurations have been tested over
these moving-belt groundplanes. In general, configurations which operate at high cir-
culation lift coefficients such as a tilt wing, jet flap and in some cases, unpowered
double-slotted flap configurations, require the belt. A correlation of conditions
requiring the moving belt groundplane is presented in figure 34 for combinations of lift
coefficient and configuration height to span ratio for conditions which do or do not
require the moving-belt groundplane. Above the correlation line lie the combinations of
lift coefficients and height ratios where a conventional groundplane is adequate. Below
the correlation line lie the combinations where a moving belt is required. Near the
correlation line is a series of symbols for three different aircraft configurations.
The sketch at the right side of the figure illustrates the meaning of the symbols. Data
were taken with a conventional groundplane (dashed line) and with a moving-belt
groundplane (solid line). When the curves were different, the difference showed a
reduction in lift-curve slope at some lift coefficient for the data taken with a conven-
tional groundplane as illustrated in figure 34. This condition identified a maximum
lift coefficient at a given ground height when the conventional groundplane no longer
provided a simulation of ground height consistent with that provided by the moving-belt
groundplane. The symbols on figure 34 thus identify a number of test conditions where
Turner (ref. 52) showed the moving belt was needed to obtain a valid simulation of
ground effect. The correlation line in figure 34 corresponds to the height above the
ground computed by assuming that the effective wake for the lifting surface impinges on
the ground at a distance of 2.5 spans downstream from the model. This wake deflection
angle is related to the wake skew angle described by Heyson in reference 51. The
agreement between the plotted points and the solid line or boundary is apparently
significant. It is interesting to note that the downstream distance of 2.5 spans is
almost the same as the impingement distance at which recirculation effects in the wind
tunnel begin to produce the limiting test condition (section 4.1) effects on the data as
shown by Heyson (ref. 55). The conventional groundplane is adequate for those com-
binations of lift and height occurring at conditions which are above the boundaries
shown by the solid line. For those combinations falling below the boundaries shown, the
moving belt is required.

Results are presented in figure 35 for a powered low-aspect-ratio wing in
ground effect (ref. 55) showing the effect of the moving belt on the ground effect.
The lift and drag coefficients are presented as a function of height for this con-
figuration with a 200 flap deflection, a 240 nacelle deflection and an angle of attack
of 00. In all cases, the boundary layer was removed ahead of the model. A residual
boundary layer approximately 2.5 cm (1.0 in.) thick developed between the upstream loca-
tion of the boundary-layer removal section and the location of the model. On the curve
of lift coefficient as a function of height, the shaded region in the upper left-hand
corner represents the region determined by Turner (ref. 53) and presented in figure 34
where the moving belt was needed to get the correct lift on the model. The data pre-
sented in figure 34 for a powered wing-in-ground effect (ref. 55) includes results with
the moving belt stopped and with the moving belt at free-stream velocity. The lift
coefficient data for the power-off condition shows essentially no difference due to the
belt. The two power-on curves show only a moderate difference at the lowest height for
the data presented. It is suggested that for this low-aspect-ratio configuration, the
removal of the boundary layer was sufficient to obtain an appropriate groundplane simu-
lations over the range of lift and height considered. In general, other tests (ref. 52)
have shown that configurations in which the lift is concentrated in discrete jets such
as direct jet V/STOL or tilt-up or nacelle configurations do not require the belt.



15-11

5.0 CONCLUDING REMARKS

The present paper has looked at some of the critical considerations for wind-
tunnel investigations of jet V/STOL aircraft configurations. Aspects ranging from model
design to test techniques and data presentation have been considered. Possible problems
can be anticipated and corrected. For example, semispan models may be useful for
measurement of STOL longitudinal aerodynamic characteristics. They are usually unsatis-
factory for lateral-directional aerodynamic characteristics and are definitely unsatis-
factory for ground effects.

The artas discussed emphasized the need for thorough pretest preparation
starting with a clear definition of the investigation objectives, careful selection of
model concepts, and the engine simulator devi'e. While metric engine simulations
require detailed attention to air line interference effects, they can provide the better
representation of overall aerodynamics. Nonmetric engine simulators require careful
design attention to avoid balance fouling; however, they provide the most precise
measurement of thrust induced effects. Once the model is put together, a complete pre-
test static calibration and checkout and fitting of all the parts and configurations is
essential.

In planning the test program, a first essential is limiting the tests to only
those aspects of the flight envelope that relate to the transition flight regime. Some
thoughts are suggested on forms for nondimensionalizing aerodynamic data to clearly
assess the interference effects. A new data nondimensionalization format is suggested.
At zero flight velocity, the format provides a value which is indicative of hover effi-
ciency. At transition flight speeds, the format is linear with respect to flight velo-
city and provides a direction indication of aero/propulsion interference on aircraft
performance.

Finally, the wind-tunnel wall effects are discussed with emphasis on
groundplane effects. Wind-tunnel wall corrections by Heyson are effective for con-

ditions ranging from cruise down into the transition speed regime. It is recommended
that this method be used to correct for wall effects and to assess validity of tran-
sition test results. The Tyler and Williamson expression for the minimum effective
velocity condition for data which can be corrected to free-air conditions should be used
when planning a test of V/STOL aerodynamic transition characteristics. It is concluded
that for configurations having the lift spread over the span of the wing, the moving-
belt groundplane technique may be essential; for jet-lift configurations with discrete
jets, the moving belt is of lesser importance.
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TABLE I. THRUST INDUCED EFFECTS

Thrust On Balance Thrust Off Balance

High pressure air Must cross balance Does not cross balance

Direct thrust effects On balance Obtained from calibration

Thrust-induced On balance Almost but not all on
effects balance

Forces induced on Included in force data Obtained by analysis
nacelle installations

Balance design Critical in design of Standard technique
support system

Model fouling No problem Critical in design of

support system

Thrust calibration Essential Necessary but not critical

Pressure tares Balance design must Not critical
ensure pressures tares
are low compared with
forces being measured

TABLE 2.- THRUST SIMULATION

Nacelle type Air Supply Principal Other Comment
Requirement Simulations Simulation

Capabilities

Flow None o Inlet geometry o Dual flow o Simple
o Inlet V /V. at o Good for aerody-

one macn namic drag studies

Blown Jet Large o Exhaust nozle o Dual flow o Simple operation
geometry o Hot gas o Erroneous inlet

o Gross thrust contribution

Ejector Moderate o Inlet geometry/or o Dual flow o Inlet and exhaust
o Exhaust nozzle flow not simulated

geometry/and simultaneously
o Gross thrust

Turbine Small o Inlet geometry o Sensitive
Powered and/or exhaust mechanism

nozzle geometry o Difficult to
o Inlet Vi/V. and simulate inlet and

not gross thrust exhaust flow

o Gross thrust and simultaneously

not inlet Vi/V.

______________ ___________ _____________________



Figure 1.- iLxampies 01 ecveral complex rotor models.

UPPER SURFACE BLOWN FLAP DEFLECTED THRUST HARRIER

JET FLAP

EXTERNALLY- BLOWN FLAP AUGMENTOR WING XFV-12A

LIFT FAN LIFT JET LIFTCRUISE

Figure 2.- Examples of several complex STOL and V/STOL models.
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DYNAMIC PRESSURE DECAY
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edge radius on induced lift of a lift-jet
configuration in ground effect (ref. 37).

Figure 9.- Effect of plug tip location on
jet centerline dynamic pressure decay in

hover (ref. 34).
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*The Modelling and Prediction Of

Multiple Jet VTOL Aircraft Flow Fields in Ground Effect 4
+Donald R. Kotansky

McDonnell Aircraft Co.

McDonnell Douglas Corporation

St. Louis, MO. USA

SUMMARY

An engineering methodology based on an empirical data base and
analytical fluid dynamic models has been developed for the prediction
of propulsive lift system induced aerodynamic effects for multiple
lift jet VTOL aircraft operating in the hover mode in and out of
ground effect. The methodology takes into account the effects of
aircraft geometry, aircraft orientation (pitch, roll) as well as
height above ground. Lift jet vector and splay directions with
respect to the airframe, lift jet exit flow conditions, and both
axisymmetric and rectangular nozzle exit geometry are also
accommodated. The methodology has been embodied in a computer code
which accommodates configurations with up to six lift jets.

In ground effect, the prediction methodology proceeds logically
from the aircraft lift jet exits through the free jets, jet
impingement points, wall jets, fountain bases (stagnation lines) and
foujitain upwash flow and impact on the airframe undersurface. The
induced suckdown flows are computed from the potential flowfield
induced by the turbulent entrainment of both the free jets and wall
jets in ground effect and from the free jets alone out of ground
effect. Key elements of this methodology including geometric
considerations, computation of stagnation lines and fountain upwash
inclination, fountain upwash formation and development, and fountain
impingement on the airframe are emphasized in this paper.

NOMENCLATURE

A Area

AR Aspect ratio

D Jet exit diameter (circular nozzle), nozzle exit width (rectangular nozzle)

f(O) Radial momentum flux distribution about jet impingement point (normalized)

H Nozzle exit height above ground plane measured perpendicular to ground plane

L Nozzle exit length (rectangular nozzle)

1h Mass flow

M Momentum flux

N Normal distance above ground plane in wall jet, number of jets in idealized lift
system

NPR Nozzle pressure ratio I..

R Radial distance

S Nozzle exit centerline spacing

8' Distance between jet impingement points on ground plane

*Portions of this work were supported by the Naval Air Development Center (contract
N62269-76-C-0086), the NASA Ames Research Center (contracts NAS2-9646 and NAS2-10184), the
Office of Naval Research (contract N00014-79-C-0130) and McDonnell Aircraft Company
Independent Research and Development resources.

+Branch Chief-Technology, Aerodynamics
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OV/2 Velocity profile width at point in profile where V = Vmax

U Wall jet velocity

V Jet or fountain velocity

X,Y,Z Cartesian coordinates with Z normal to the ground plane

a Jet impingement angle measured from ground plane

'Y Momentum normalization correction

0 Stagnation line slope in ground plane

K Fountain sidewash angle measured from the ground plane

A, Momentum flux magnitude recovery (conservation) factor

P Density

* Azimuthal angle in ground plane; = 0 in direction of the horizontal component
of free jet mean velocity in oblique impingement situations

o' Computational polar angle measured in the ground plane about a jet impingement
point referenced to the line joining the jet impingement points

W Fountain upwash inclination measured from the ground plane

Subscripts

1,2 Jet designation

f Fountain, final

fI Fountain impingement

j Jet

je Jet exit

max Maximum

min Minimum

N Normal

o Initial

R Radial

TH Theoretical

wJ Wall jet

INTRODUCTION

The design of successful high performance military VTOL aircraft requires a critical
blend of new propulsive lift system technology with tried and proven CTOL high speed
aircraft characteristics. The VTOL aircraft configuration analyst is beset with a myriad
of performance requirements, airframe configuration variables and propulsive lift system
options; yet there is a dearth of useful vehicle performance prediction methods to aid in
the identification of promising vehicle configurations. This, in combination with the
many physical variables involved can result in a largely subjective and empirical approach
to vehicle configuration definition based on past experience. The unique operational
requirements of VTOL aircraft that are responsible for this complex design dilemma are, of
course, the vertical and transition flight requirements. These flight modes necessitate a
knowledge of forces and moments on the vehicle which are unfamiliar to the CTOL aircraft
designer. These flowfield effects are characteristically dependent on the selected
propulsive lift system and its physical integration into the airframe due to the
interactive nature of the lift Jet induced aerodynamics on the airframe. These jet
induced flowfield interactions occur in the transition and in the hover flight modes both
in and out of ground effect. A purpose of this paper is to provide an insight and
quantitative basis for the modelling and prediction of multiple jet induced flowfields and
the resulting aerodynamic forces and moments on the airframe in ground effect. A
propulsion system designed without taking into ac-ount the induced forces may not provide
sufficient thrust for an adequately controlled takeoff without a reduction in payload. In
addition to these induced net loads, situations are encountered where unfavorable moments
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are produced on the airframe, resulting in significant stability and control problems.
Until accurate, general purpose flowfield prediction techniques become available for these
complicated viscous flowfields, dependence on wind tunnel testing for design and
performance verification will be relatively high.

The induced forces (and moments) in and out of ground effect usually result from one
of two reasonably well understood flow phenomena. These are jet entrainment and the
formation of jet flow fountains. Jet entrainment causes otherwise static air to be set
into motion, resulting in locally reduced static pressures on nearby airframe
undersurfaces thus introducing negative aerodynamic loads. The jet entrainment effect
occurs both in and out of regions influenced by the presence of the ground but is
frequently accentuated as the distance between the nozzle exit and the ground is reduced.
This is attributable to the proximity of the additional entrainment resulting from the
ground wall jets. The flowfield about a VTOL aircraft hovering in ground effect is shown
schematically in Figure 1.

Wal-Jtolo

Fountain Upwash Flow

Ground Planle Jf /Fountain Formation Region

Jet Impingement Region J Wall Jet Interaction
Stagnation Line
(Fountain Base)

GP13-0611.1

Fig. 1 Flowfield About a VTOL Aircraft Hovering
In Ground Effect

The formation of jet flow fountains requires the impingement of the jets on the
ground or shipboard landing pad and, therefore, is peculiar to operation close to the
ground. The formation of fountains is configuration dependent in that multiple jets are
required. The jet impingement points, relative strengths of the jets, and jet impingement
angles influence the characteristics of the fountain. The upward convection of jet flow
in the fountains usually results in a positive aerodynamic lift, caused by the positive
pressurization of airframe undersurfaces containing and deflecting the fountain flow.
Because of the upward convection of the lift jet flow in the fountains, a degradation of
propulsion system performance may result from exhaust gas ingestion. In this respect,
fountains can also be detrimental to VTOL aircraft performance in proximity to the ground.
Significant VTOL hover flowfield interactions and their resulting effects on vehicle
performance in ground effect are summarized in Figure 2.

The following sections of this paper will outline the empirically based methudology
developed by the McDonnell Aircraft Company (MCAIR) for the modelling and predict on of
multiple jet V/STOL aircraft flowfields in ground effect. This methodology was de, !loped
during the period from 1975 through 1980. The reader will be referred to appr. riate
published references for detailed mathematical developments and thorough documentation of
experimental data. Key elements in the development of the methodology will be emphasized
in this paper.

* Lift Loss (Suck-Down) -- Turbulent Jet Entrainment

* Lift and Moment Sensitivity---Deflection of Fountains

to Pitch and Roll

* Lift and Moment Sensitivity- -Deflection of Jets and Fountains
to Cross-Winds by Cross-Winds and Cross-Wind

Induced Aerodynamic Loads

* Engine Thrust Loss from --- Fountain, Cross-Wind and
Exhaust Gas Ingestion Buoyant Convection of Hot

Exhaust Gas
0P134011-2

Fig. 2 VTOL Flowfield Interactions In Ground Effect
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GEOMETRIC CONSIDERATIONS

The viscous (turbulent) flowfield between a multiple jet VTOL aircraft and the ground
is strongly dependent on many geometric factors related to the geometry of the airframe,
integration of the propulsive lift system including the geometry of the nozzle exits and
the spacial relationship of the airframe to the ground plane. The significant jet mean
flow geometry and overall flowfield geometry includes:

o Lift jet system arrangement including the number of jets, jet exit spacings and
jet exit orientation with respect to the aircraft axes (including longitudinal
"vector" and lateral "splay" angles),

o Nozzle exit shape and mean velocity distribution at the nozzle exit, and

o Aircraft surface geometry, orientation and height above ground.

Most of the above geometric variables were taken into account in the initial
development of a ground flow field prediction computer program by MCAIR which is described
in detail in Reference 1. This work was based on the fundamental free jet flow
development and impingement characteristics of round jets which, for the most part, were
available in the published literature. Specifically, the free jet entrainment data of
Kleis and Foss (Reference 2) and the geometric and kinematic properties of free and
impinging round jets established by Donaldson and Snedeker (Reference 3) were used
extensively. The data of Donaldson and Snedeker were also used to determine analytical
expressions for wall jet entrainment.

A key element in the modelling of the ground surface flow field below a hovering
V/STOL aircraft is the local distribution of radial momentum flux about the individual jet
impingement points on the ground plane. This distribution is largely dependent on the
exit shape of the jet nozzle (for low values of H/D) and the local impingement angle of
the jet on the ground plane. The data of Donaldson and Snedeker in Figure 3 show that for
a round turbulent jet this distribution is sensitive to the local jet impingement angle
and relatively insensitive to the ratio of height above ground to nozzle exit diameter
(H/D). These distributions of momentum flux together with the magnitudes of the total
momentum fluxes emanating from the nozzle exits establish the location and (momentum)
strength of the fountains in the flow field below the aircraft.
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Fig. 3 Azimuthal Distribution of Wall Jet Radial
Momentum Flux for an Impinging Round Jet

From Reference 3

Another significant geometric consideration is the number and arrangement of the

propulsive lift jets in the aircraft lift system. Figure 4 shows a generic idealized
multiple lift jet arrangement spaced symmetrically about a hypothetical center of gravity.
The octagonal central area circumscribed by the lines connecting the eight lift jet
centerlines represents an idealized inner region. All area outside of this region
extending to infinity constitutes the idealized outer region. The interaction lines of
the wall jets resulting from the ground impingement of the lift jet pairs are shown as the
dashed lines in Figure 4. These lines indicate the ideal locations of the wall jet stagna-
tion lines which form in both the inner and outer regions. A stagnation line pattern as
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shown in Figure 4 would result from the ideal vertical impingement of round jets producing
a f(V) - 1 distribution of wall jet radial momentum flux (see Figure 3). Figure 5 shows
the maximum available fountain force as a function of the number of lift jets in an ideal
multiple lift jet system. The lower curve in Figure 5 shows the maximum fountain force FF
available from the inner region only,

FF(inner region) - (! -1 ) (1)

where FT is the total lift system thrust and N is the number of jets in the idealized lift
system.

It should be noted that a two jet lift system has no inner region, by definition,
and, therefore, all fountain force obtained from a two jet fountain is outer region force.
The result shown in equation (1) is predicated on the assumption that all lift jet
momentum flux that enters a volume below the aircraft whose planform is the inner region
eventually is turned vertically and imparts this vertical momentum to the airframe. The
upper curve in Figure 5 indicates the total available ideal fountain force including
contributions from both the inner and outer regions. The lift jet momentum flux entering
the outer region volume is assumed to impinge on the airframe with an ideal sidewash angle
of incidence resulting from the turning of the flow in an upward direction at the stagna-
tion lines. Performing an integration of the vertical component of the outer region
momentum flux and adding the result to the force from the inner region,

(outer region + inner region) = ) FT (2)

The potential benefits to be gained from additional fountain force resulting from the
use of increasing numbers of jets up to six or even eight is obvious, but it must be
realized that actual fountain forces produced on the airframe undersurface are much less
than the ideal values shown in Figure 5 by a factor of one third to one quarter based on
the ideal inner plus outer region values. (The reasons for this are discussed later in
this paper.) Limited data on experimentally measured values of fountain force are shown
in Figure 5 for two and four jet configurations. These data were recorded on experimental
configurations for which jet entrainment induced suckdown effects were minimal.

Stagnation
/" Line /

Lift Jet

360o Outer
N Region

N = number of jets

GP13-011.4

Fig. 4 Idealized 8-Jet Lift System Impinging
on a Ground Plane
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Recent interest in certain VTOL and STOL propulsive lift systems, such as thrust
augmenting ejector systems and other concepts employing non-circular nozzles, has revealed
a need for the understanding of the basic free jet and jet impingement characteristics of
jets emanating from rectangular exit area nozzles. Consequently, two experimental
programs (References 4 and 5) were undertaken to investigate the wall jet characteristics
produced by the impingement on a ground plane of jets emanating from low and high aspect
ratio rectangular exit area nozzles. The primary purpose of these studies was to experi-
mentally determine the azimuthal distributions of wall jet radial momentum flux about the
impingement points of these jets for rectangular nozzles with exit area aspect ratios
(L/D) of one, two, three, four, six and eight for both vertical and oblique impingement.

The high aspect ratio rectangular nozzle data (4 < L/D < 8) obtained in the first
investigation (for low nozzle pressure ratios only) (Reerence- 4) indicated that, unlike
axisymmetric jets, the wall jet radial momentum flux distributions for vertical
impingement are highly directional, even for the aspect ratio four (L/D = 4) nozzle at
heights above ground as great as sixteen nozzle widths. Consequently, the second study
(Reference 5) was undertaken to extend the data base to include rectangular nozzles with
exit area aspect ratios of one, two and three. Wall jet velocity profiles were obtained
for the three low aspect ratio nozzles as a function of jet impingement angle, nozzle exit
height above ground and nozzle pressure ratio which included choked and under-expanded
nozzle exit flow conditions. The ground flow field computer program originally developed
in Reference 1 was updated to include the impingement data obtained for both high and low
aspect ratio rectangular nozzles.

Figure 6 presents a qualitative view of the wall jet radial momentum flux
distributions associated with impinging jets issuing from both axisymmetric and
rectangular nozzles. The axisymmetric nozzle produces a uniform distribution in vertical
impingement f() = conet. (cij = 90°). In oblique impingement, a peak occurs in the
distribution in the 0= 0* direction with the relative magnitude of the peak increasing
with decreasing impingement angle. The rectangular nozzles in vertical impingement, on
the other hand, produce a prominent peak of the momentum flux distribution in a direction
normal to the long sides of the nozzle exit, as indicated in Figure 6 by the L/D = 4
nozzle at aj = 90*. The primary effect of oblique impingement of the rectangular nozzle
in pitch (rotation about the nozzle exit minor axis) is to shift the peak to an azimuthal
location approximately coincident with the magnitude of the impingement angle. The L/D =
I (square) nozzle exhibits characteristics similar to that of the axisymmetric nozzle at
low pressure ratios. At high pressure ratios, however, the square nozzle exhibits
characteristics common to both axisymmetric and rectangular nozzles with a primary peak
occurring at = 0, as with axisymmetric nozzles, and a secondary peak occurring at an
azimuthal angle approximately coincident with the jet impingement angle, as exhibited by
rectangular nozzles.
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Fig. 6 Jet Impingement Radial Momentum Flux Distributions

The azimuthal distributions of wall jet radial momentum flux were determined by hot
film anemometer surveys for each of the six single rectangular nozzle configurations and
are presented in entirety in References 4 and 5. This work is also summarized in
Reference 6. Selected results are presented herein for an aspect ratio two nozzle for
vertical impingement (Figure 7) and for oblique impingement in pitch (Figure 8) (rotation
about the nozzle exit minor axis). The abscissa on each graph is the integral of the wall
jet velocity squared, multiplied by the radial distance, R, from the jet impingement point
to the point of measurement and is representative of the magnitude of the wall jet radial
momentum flux. The radial distance, R, is included in order to account for the increase
in area with radial distance. This allows comparieon of data recorded at different radial
stations. In vertical impingement, the wall jet radial momentum flux was measured over
one quarter of the periphery of the impingement region from 0 -0, corresponding to a
direction perpendicular to the nozzle minor axis, to 0 - 90* corresponding to a direction
perpendicular to the nozzle exit major axis. In oblique impingement the wall jet radial
momentum flux was measured over one half of the periphery of the impingement region from
0- 0* (corresponding to the direction of the horizontal component of the free jet mean
flow) to - 180".
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LID = 2 Nozzle Vertical Impingement

In vertical impingement, the momentum flux distributions for the higher aspect ratio
nozzles (2 < LID < B) all exhibited similar characteristics at low nozzle pressure ratios
with a peak-at 0; Z90* (perpendicular to the nozzle exit major axis) as exemplified by the
aspect ratio two nozzle results shown in Figure 7. However, at NPR - 2.50. although the
aspect ratio two (and three) nozzles displayed the characteristic peak at 10 - 90' for H/fl
- 2; at H/D 8 the momentum flux distribution peak became broader and shifted to
approximately 0-60'; and at H/D - 16, the peak shifted to approximately 0 - 45*. A
minor peak is exhibited at 0 - 0* (perpendicular to the nozzle exit minor axis) for the
higher pressure ratios at HID =2, but vanishes at HID - 8.
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For oblique impingement in pitch, at low nozzle pressure ratios, the occurrence of a
peak in the distribution of momentum flux at an azimuthal angle approximately coincident
with the magnitude of the pitch angle is characteristic of rectangular nozzles (L/D > 1)
and is exhibited by the L/D = 2 nozzle in Figure B. The data in Figure 8 for the aspect
ratio two nozzle indicate a broadening and a shift of the location of the momentum flux
peak toward 0 = 0 at the higher H/De for a nozzle pressure ratio of 2.50. Similar
behavior was observed for the aspect ratio three nozzle. These data indicate the
sensitivity of the jet impingement flow field to nozzle exit area shape and, additionally,
nozzle pressure ratio. Data for oblique impingement in roll (rotation about the nozzle
exit major axis) for all nozzles may be found in References 4 and 5.
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COMPUTATION OF STAGNATION LINES AND FOUNTAIN UPWASH INCLINATION

In Reference I, an analytical model was developed for the computation of wall jet
stagnation lines formed between any pair of impinging jets for completely arbitrary
conditions. Required input for these computations is simply the jet thrust scaled
azimuthal distributions of radial momentum flux (as given in Figures 3, 7 or 8 for
example). The model developed in Reference 1 is termed the "Momentum Flux Method".

The Momentum Flux Method establishes the location of the stagnation line between two
jet impingement points by balancing the total momentum flux in the wall jets in a
direction normal to the stagnation line in the ground plane. As a result of the
requirement of a total momentum flux balance (normal to the stagnation line), the upward
direction of the fountain in a vertical plane normal to stagnation line must itself be
vertical, although a non-vertical sidewash component is allowed.

Green, Reference 7, has modified the criterion for determination of the location of
the stagnation line by requiring a balance of wall jet momentum flux per unit area of the
wall jet at the stagnation line. The balance of momentum flux per unit area is imposed in
a direction normal to the stagnation line in the ground plane. Imposition of this
criterion results in an imbalance of total wall jet momentum flux at the stagnation line
in a direction normal to the stagnation line in the ground plane and, also, allows a
non-vertical trajectory of the fountain upwash flow in a vertical plane normal to the
stagnation line. This model for the determination of the stagnation line location is
denoted as the "Momentum Flux Density Method". The basic equations for the "Momentum Flux
Method" (MFM) and the "Momentum Flux Density Method" (MFDM) models are compared in Table I
(see Figure 9 for nomenclature definition).

Computation of wall jet stagnation lines using the "Momentum Flux Method" and the
"Momentum Flux Density Method" were recently compared with actual stagnation line
locations obtained experimentally through flow visualization techniques, and the results
were presented in Reference 5. Based on these and other comparisons, the "Momentum Flux

Table 1. Two Methods for the Computation of
Stagnation Line Location

Momentum Flux Method Momentum Flux Density Method
(MFM) (MFDM)

Stagnation Line Slope:

0sin 0' 0 sin 0'
tan 0 tan6=I 1+ cos0

where where

R! /7 2 f2 (4 2 ?Mje2/Tlfl(llMjel R2  RI ['r2f2(2)Mje 2 /Tlfl(.l)ljel1 R2

S2R 2/ 2 J S

On the Line Joining the Jet Imnpingement Points:.
I L 2

R2  Me2f 2 (02)[ 2  R2  W"e2f 2 (02)12

R1  Mielf 1 @1 71  I 1  MielfI /l/)

OP130611-17

Density Method" was found to give a more accurate prediction of wall jet stagnation line
location. Utilizing the nomenclature of Reference 1 as shown in Figure 9, the equations
for the slope of the stagnation line in the ground plane for the MFDM is the following:

t sin '2 (3)
tan 8 = + 8cos 2

where
R (,1f 1JR2 4

S2 2 2 je2/y1 f1 fl MJel + R (4)
R2

2 /R1
21 2
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Through the use of a control volume located on the stagnation line and a total momentum
flux balance in a direction normal to the stagnation line in the ground plane, a relation
between the momentum flux quantities in the two interacting wall jets and the horizontal
component of momentum flux exiting the control vclume in the fountain upwash is obtained
(for negligible sidewash):

2' ITje sin 1 e-0) D 1

72 ~2 Mj 2 am (2-(6)

+ PVf COGn w CUR, Rl 30 li + UR2 R2 D4"21 h = 0

where Vf is the fountain upwash velocity, w is the fountain inclination angle and h is the
wall jet height. Assuming a total momentum flux magnitude conservation factor A. in the
fountain formation region: M

PVf CUR, Rl0 31' + UR2 R2 " '2 3 h

IN 1 1 1J~ a(2 7 2f2 J2 2 T
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Substituting equation (7) in equation (6) and solving for A con w the following general
result in obtained for any location on the stagnation line:

Y2 f2 je2 2

X. 2 MJ 2 sin (W2 - e)

(8)
y2f Mje2 e1

Y fI jIsin 
( (

R2

+ A 1  sin (6- 0')

R 
1

For the special case of two round jets impinging vertically, on the line joining the
jet impingement points,

1 - ;lMjel/l lje2
cos 1 e/(9)

MI l+ Mje/Mje2

Figure 10 demonstrates the relation between w and the impinging jet pair momentum
flux ratio as obtained from equation (9) with AA as a parameter. The validity of this
model of fountain upwash flow inclination was investigated with experimental data from the
test program described in Reference 8 and is summarized briefly in the paragraphs
following.

An analytical model for the fountain sidewash inclination was presented in Reference
I. The result is

2
tan K = cot (0 - O) + cot (0 - 0) (10)

where K is the fountain sidewash inclination angle and the other symbols are defined in

Figure 9.

FOUNTAIN UPWASH FORMATION AND DEVELOPMENT

It has been observed consistently that fountain forces are substantially smaller than
conservatively estimated values based on lift jet thrust and momentum conservation. This
is demonstrated quantitatively by the experimental data shown in Figure 5. For this
reason, a thorough investigation of the fountain upwash formation and development process
was cond'cted by MCAIR for fountains formed by two impinging round jets for a wide range
of parametric test conditions. These results are reported in entirety in Reference 8. An
important result of this investigation was the quantification of a fountain formation
upwash normal momentum flux recovery coefficient, )AN.

The fountain upwash normal momentum flux recovery factor (Xm) is defined as the
ratio of the fountain normal momentum flux exiting the fountain formation region to thetotal wall jet radial momentum flux entering the fountain formation region (see Figure 1).
In this investigation, the flow through the fountain formation region was incompressible

P- constant), and the fountain formation region was assumed to be small so that radial
area change effects were negligible (dR a 0), thus

f VN2 dXl)
•= dX~(11)X 0 f

S0UR d)wj(1+2)

where fVN 2 dX)f is representative of the fountain normal momentum flux at Z/D - 1.0

and ( f UR2 d4)wj(1+2) is representative of the sum of the local wall jet radial momentum0J



16-13

flux produced by the impinging jets in the system. A typical set of wall jet and fountain
upwash flow mean velocity surveys for one test condition are shown in Figure 11. The
surveys were obtained with a hot film anemometer. Since the local velocity ratios,
Vmin/Vmax, for the fountain velocity profiles were considerably higher than those
determined for the wall jet velocity profiles. the following procedure was established to
define the limits of integration and to lend consistency to the calculation process.

The upper limits of integration of the wall jet velocity profiles were established
for each case by the normal distance, N1 , corresponding to the larger velocity ratio,
Umin/Umax, of the two wall jet velocity profiles. The wall jet velocity and velocity

squared profiles for jet 1 and jet 2 were then integrated and summed to yield"N1  N1  2
( UR dN)wj and ( N UR2dN)wj. Now, since the fountain formation region is assumed to

be small, with little exposed jet area available for mass entrainment, conservation of
mass was assumed throughout the fountain formation region to yield

fvN  X)f = ( I I UR dN)wj(l+2) (12)
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Thus, the initial and final limits of integration (X o , Xf) for the fountain velocity and
velocity squared profiles were determined such that equation (12) was satisfied.

Figure 12 presents the fountain normal momentum flux recovery factor, X kN as a function of
the jet exit momentum flux ratio, MjeLow/MjeHIGH, for the data of Reference 8. The data

indicate a general decrease in .the fogntain momentum flux recovery with a decrease in the
nozzle thrust bias (increased Mje"o/MjeHIGH). In addition, a slight increase in XAN is

shown in the presence of a nozzle exit plane plate over that found without the plate. A
polynomial curve-fit (also shown in Figure 12) was determined for the data and is given
approximately by the following expression:

X4IN -10 - 1-5S eJJ
Mj5
SJe HIGH

(13)

1.5 (14L OW 12 -0.5 1 L  )3

HIGH HIGH
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Fig. 11(s) Wall Jet Velocity Profiles Fig. 11(b) Fountain Velocity Profiles
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The behavior of the normal momentum flux recovery factor with the jet exit momentum flux
ratio is not surprising. The strongest wall jet interaction and associated loss of mean
flow energy or momentum occurs with two equal strength impinging jets. As one of the
impinging jets becomes weaker (increased thrust bias), the wall jet interaction becomes
weaker. For a high thrust bias, the weaker wall jet simply tends to deflect the stronger
jet with an attendant reduction in mixing and loss of mean flow energy.

Fountain geometric spreading characteristics and fountain mass flow were determined
from the fountain upwash velocity profile data for all of the cases investigated in
Reference 8. For the data of Figure 11, the fountain spreading characteristics and mass
flow are shown in Figure 13.

Fountain upwash trajectories were also determined for all of the cases investigated.
The trajectories were defined as the loci of the maximum velocity points as determined
from the fountain upwash velocity profiles. The fountain upwash inclination, w , was
determined as the angle between the ground plane and a straight line connecting the
fountain base and the fountain upwash trajectory at Z/D - 3. The fountain upwash
inclination for the data of Reference 8. is plotted as the function of the jet exit
momentum flux ratio (Mje /MJe .H) for the fountain inclination at Z/D = 3 in Figure 14.

Also shown in the figure are the theoretical values of the fountain inclination, (TH,
based on equation (9). Figure 14 indicates that for a fountain inclination determined at
Z/D - 3, a momentum flux recovery factor, i s, of approximately 0.65 results in a
reasonable fit to the experimental data.
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Fig. 12 Fountain Normal Momentum Flux Recovery
Based on Conservation of Mass Flux Through

the Fountain Formation Region
FOUNTAIN IMPINGEMENT ON THE AIRFRAME

The establishment of the above ground flow field modelling elements, together with
recent improvements made to three dimensional panel methods for the determination of jet
entrainment induced suckdown, leaves only one empirical element remaining to complete the
prediction methodology for a wide range of V/STOL aircraft configurations. This remaining
element is the quantification of the amount of momentum flux transferred to the airframe
undersurface from the upwash momentum flux in the fountain. This quantity, fI is termed
the fountain upwash momentum flux transfer coefficient. Af is expected to be strongly
dependent on airframe undersurface shape, but only weakly dependent on aircraft height
above ground, HID, when fountain spreading characteristics are accurately accounted for in
application of the overall prediction methodology.

To demonstrate the usefulness of the existing methodology, fountain impingement
forces were determined and compared with experimental data for simple bodies and planforms
for which f was expected to be approximately unity and for which suckdown forces were
expected to be insignificant. Results are shown in Figure 15 and are very encouraging.
The deviations between the predictions and the data at H/Ds of 1 and under are, most
likely, beyond the ability of the prediction methodology due to the basic changes in the
flow structure beneath a body at these low H/Ds. That is, distinct regions of free jet
flow, jet impingement, wall jets, fountain formation, and fountain upwash most likely do
not exist at these conditions. A study is currently underway at MCAIR to determine Aft
for two, three and four jet VTOL aircraft configurations from analytical computations and
the net forces measured on the vehicles in static wind tunnel tests.

Fountain impingement forces measured on a swept low wing! fuselage combination are
shown in Figure 16. The data shown here were produced by the impingement of single and
multiple radial jets simulating fountain upwash flows produced by the vertical impingement
on a ground plane of two and four round jets all with equal thrust. The normal force data
shown has been non-dimensionalized on the total thrust of the simulated jet lift system.
In the two jet case, the plane of the radial jet was perpendicular to the aircraft longi-
tudinal axis, and in the simulated four jet case, the radial jet planes were mutually
orthogonal and aligned parallel to the aircraft longitudinal and lateral axes. The data
in Figure 16 show the variation in net fountain force with longitudinal location of the
center of the fountain as the fountain impingement region was moved from the forward
fuselage to aft of the wing trailing edge. As would be expected, the maximum fountain
force results when the lateral fountain legs impinge on the widest portion of the wing. A
noticeable drop in fountain force magnitude occurs when the lateral fountain legs are
moved aft of the wing trailing edge. These data also indicate the relative magnitudes of
two versus four jet fountains. The maximum points on these curves have been plotted in
Figure 5 for comparison with the theoretical maximum fountain force. The indicated
increase in fountain force with increasing H/D for the two jet fountain is due to
variation of fountain induced suckdown which decreases as the aircraft rises above the
ground. The comparative decrease in fountain force with H/D produced by the four jet
fountain is characteristic of fountains with three or mcre jets which form a central core
of upwash flow.
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Fig. 13 Fountain Upwash Characteristics

Additional lift may be obtained from fountain upwash impingement through the use of
airframe undersurface protuberances in the form of fences or strakes which tend to capture
the fountain upwash flow. The confining surfaces should extend through 360* of azimuth in
an undersurface plane roughly parallel to the ground plane with the aircraft in the proper
pitch and zero roll attitude for vertical translation. Permanently fixed surfaces
suitable for high speed flight such as longitudinal axes strakes and/or pods can be
utilized for this purpose, but lateral axis devices should be retractable. The confined
under-surface area should be large enough to "capture" the central core of a multi-jet
fountain including any fountain impact area translation on the airframe undersurface due
to nominal aircraft pitch and roll excursions during hover. Sensitivities of lift
improvement device related forces and moments to larger excursions in pitch and roll with
and without cross winds should be investigated to assure adequate stability and control
margins. This currently must be accomplished through wind tunnel testing of powered
aircraft models in ground effect. Tests of this nature require accurate modelling of full
scale airframe surface geometry including all undersurface contour details and
protuberances. It is also desirable that full scale jet exit conditions in terms of
nozzle exit geometry, nozzle exit velocity profiles and jet vector and splay angles be
simulated carefully in the reduced scale tests.

1
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Fig. 16 Fountain Impingement Test
2 and 4-Jet Fountain Impingement on a FuselagelWing

The beneficial effect of passive lift improvement devices is demonstrated by the
induced lift increment (AL) data shown in Figure 17 which was measured in ground effect
tests performed with a 15% scale powered model of the AV-8A. The data in Figure 17
indicate the positive lift increments obtained through the addition of gun pod strakes and
a forward fence to the baseline vehicle which included gun pods. The data shown were
obtained with all four lift jets vectored perpendicularly to the ground plane, however,
the nozzles were splayed outward in the nominal splay position (5* forward nozzles, 11.20
aft nozzles). The sensitivity of the fountain forces to changes in nozzle splay angle (or
vector) is demonstrated by the data presented in Figure 18 which shows the additional
positive lift increment gained by reducing the outward splay angle of all nozzles on the
model to 0". Similar positive lift increments have been measured on models of other
aircraft configurations, and in some cases, positive lift improvement can be obtained by
simply deflecting existing flaps on the baseline aircraft. Caution must be used to verify
that local upwash flowfield changes caused by lift improvement devices do not result in
lift engine hot exhaust gas ingestion.

The mechanism for the increase in fountain lift force due to the use of lift
improvement devices (LIDs) appears to be a combination of two effects, (1) the confining
surfaces form a concavity which is pressurized at some pressure increment less than or
equal to the maximum dynamic pressure in the fountain upwash flow, and (2) the concavity
or portions thereof act as turning vanes and increase the local turning of the impinged
upwash flow beyond what would normally be obtained by undersurface impingement without the
lift improvement devices. In the latter case, an ideally designed LID would double the
beneficial force increment obtained by ideal fountain impingement on a flat airframe
undersurface parallel to the ground. In the former case, the LID acts like the skirt on a
typical ground effect machine. Both mechanisms are theoretically very sensitive to H/D in
all multi-jet fountain situations, and the data in Figure 17 and 18 and other data tend to
confirm this.

CLOSItG REMAXKS

This paper has emphasized empirical and analytical descriptions of certain key
elements of multiple jet viscous flow fields below VTOL aircraft hovering in ground
effect. In the actual flowfield below the VTOL vehicle, these flow phenomena occur
elliptically, and interactions may occur which can alter the induced effects significantly
from the physical descriptions presented herein. Two frequently occurring and strongly
influential additional factors are strong cross-winds and aircraft transient motions whose
frequency is high enough to preclude quasi-steady analysis based on steady state
characteristics. The development of accurate prediction techniques for cross-wind effects
on fountain upwash development is extremely complicated, although very important to the
identification of both stability and control and exhaust gas ingestion problems.

Predictions of three dimensional (and time dependent) viscous flows of this nature
will not be available soon. It is likely that strong dependence on wind tunnel testing
will be required for the foreseeable future in the vehicle design and development process.
However, as discussed in the previous sections, the configuration analyst can utilize
existing data and prediction techniques to guide the configuration synthesis process and
to avoid serious problem areas. Reference 9 summarized the current approaches to V/STOL
aircraft flowfield prediction in ground effect and included projections on future
prediction technique development.
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In view of the frequent necessity for investigation of V/STOL aircraft jet induced
effects through wind tunnel tests of small scale powered models in ground effect, it is
productive to comment on the basic requirements of fluid dynamic similarity for the
purpose of model testing. The first of these is simply exact, detailed scaling of the
small scale model from the full-scale vehicle including all major protuberances, stores,
and landing gear. Kinematic scaling of external and internal flows requires that primary
velocity ratios (free stream to jet) be correctly simulated, and this would be accounted
for automatically if ideal Reynolds number and Mach number simulation were achieved. How-
ever, in reality, Reynolds number and Mach number simulation are rarely achieved, in lieu
of these, further application of kinematic scaling is desirable. For example, just as
airframe undersurface geometry and nozzle exit geometry should be scaled directly, the
nozzle exit flow velocity profiles should be representative of what might be expected from
the full scale vehicle. This has a direct influence on jet entrainment induced suckdown
and fountain formation and development. Kinematic scaling or simulation of jet exit
velocity profiles in this manner may be thought of as a pseudo-Reynolds number and
internal geometric simulation. Additionally, inlet suction flows should be included in
the small scale model simulation in terms of primary velocity ratio based on jet exit
and/or free stream velocity. Nozzle exit Mach number simulation should be achieved if
nozzle exits are significantly under-expanded as shown dramatically by the data of Figures
7 and 8.
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SUMMARY

The effects of model scale and test technique on the jet-induced lift of a twin-

turbofan V/STOL aircraft were evaluated experimentally. The smallest model was 2.1% as
large as the full-scale model. The two most important items to be modeled were found to
be fuselage shape and the coannular nature of a typical turbofan exhaust. Lift-enhancing
strakes were found to be effective in enhancing the ground cushion and eliminating a pos-
sible source of scale effect.

LIST OF SYMBOLS

D Inside diameter of fan nozzle
h Height above ground measured to bottom of fuselage at center of vertical thrust
AL. Jet-induced lift
NPR Nozzle Pressure Ratio, Nozzle Total Pressure/Ambient Pressure
P Pressure
T Gross thrust (total per aircraft) or Temperature

SUBSCRIPTS

a Ambient
C Core
F Fan
J Jet
T Total

INTRODUCTION

The importance of jet-induced effects to the design and operation of V/STOL aircraft
is well established and needs no amplification in this paper. The program manager seeks
two things from jet-effects testing:

" The results must predict full-scale characteristics well enough to protect
against building another unsuccessful V/STOL

" The facilities and hardware must be simple enough that the test program does not
consume all of the time and funds available for development.

The contradictory nature of these requirements prompted the investigation discussed
in this paper. In the early phases of a program, testing is confined to small, simple
models because results can be obtained quickly, many configurations may be tested, fixes
can be evaluated easily, and the program budget is too small to do anything better. As
the program progresses, larger and more elaborate models are built; in a few cases, full-
scale models with real engines are built, but by the time the program reaches this phase
the configuration is usually frozen. Ironically, the most faithful test is undoubtedly
one performed using the aircraft itself; however, in the case of CTOL aircraft, this is
most often done with unsuccessful designs.

Grumman is fortunate to have had the opportunity to test a full-scale model of its
proposed V/STOL demonstrator (Fig. 1). The existence of test data from smaller models of
the same configuration permitted us to evaluate the reliability of small-scale data. The
nozzle diameter ranged from 2.5 cm for the smallest model to 118.9 cm for the full-scale
model.

DISCUSSION

The concept which evolved into Grumman Design 698 was first tested in 1976 at the
Grumman Research Lab. The model was hand carved from wood and used 2.5-cm diameter, low
(1.016) pressure ratio circular nozzles exhausting normal to the ground. Induced lift
measured on this model is presented as a function height in Figre 2. Results are shown

for the model both with and without lift-enhancing longitudinal 3trakes extending verti-
cally below the fuselage chines. The two significant items to be noted are the ground
cushion at intermediate height for the basic airframe and the ability of the strakes to
strengthen this cushion and extend it to lower heights.

' . . . . . . .... • . . . . . ... " - i m i li .. . . ... . . .... . .. . I II H~ 'i ill I I I [ .. .. . .. .. ... .. ... .... . . . .. ....... -. .. ...--...--
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The next tests were conducted by the project at the Grumman Farmingdale Test Center
in 1977. The model for these tests was machined from metal in accordance with the
preliminary design drawings of the full-scale aircraft and was twice as large (5.1-cm noz-
zle diameter) as tihe model tested in the Research Lab. The nozzle pressure ratio was
higher (1.13) and the jets were splayed out 70 in the y-z plane. The results of these
tests are summarized in Figure 3.

By comparing Figures 2 and 3, one can see that the larger model confirmed the ef-
fectivene.s of the strake in enhancing the ground cushion. If both tests have been con-
ducted only with strakes, this paper would probably never have been written. However, the
large differences in the strakes-off data from the two tests were the cause of great con-
cern, as the ground cushion which existed with the smaller model was not present with the
larger model.

By the time these results were available, the baseline aircraft configuration
included strakes. Because of this, it was tempting to accept tie results of the larger
model as confirming the effectiveness of the strakes and proceed with tile design. How-
ever, the qualitative difference between the two sets of strake-off data suggested that
there might be fundamental differences in the flows around the two models. If this were
true, it was important to understand these differences and determine whether further
increases in size or nozzle pressure ratio (up to full scale) could cause a qualitative
change in the strake-on induced lift characteristics.

The first step was to measure the induced lift with only one jet operating to verify
that it followed the trends established by other investigations (e.g., NASA TND-5617 and
TND-3166). As can be seen in Figure 4, the larger and smaller models exhibit the expected
characteristics.

Once the similarity of the single-jet flows had been established, the investigation
turned to the formation of the upwash flow between the nozzles and its interaction with
the aircraft. The first variables to be investigated were nozzle pressure ratio, jet
splay angle, and model size.

Figure 5 summarizes the results of varying nozzle pressure ratio for the larger and
small3r models. There is a noticeable variation in the level of induced lift for both
models at very low nozzle pressure ratios, which suggests that the choice of nozzle pres-
sure ratio for the smaller model was ill-advised. In no case, however, does the character
of the data change; that is, the sign of AL/T does not change with pressure ratio. This
indicated to us that the qualitative change in AL/T between the two models could not be
accounted for by differences in pressure ratio. Both this conclusion and the asymptotic
character of the curves of Figure 5 with increasing pressure ratio strongly suggest that
any differences in nozzle pressure ratio between small-scale models and full-scale air-
craft will not significantly affect the jet-induced characteristics (at least for subsonic
jets).

Figure 6 shows the results of varying jet splay angle. Nozzle splay does change the
level of induced lift, but does not eliminate the ground cushion.*

To check scale effect, a mold was made from the larger model. The mold was used to
make a plastic casting, which was tested in the Research Lab with 5.1-cm diameter nozzles.
Figure 7 shows that the results for the larger model were essentially the same at both
facilities, which suggested that there was a significant scale effect without strakes.

If this was the case, did it imply that there was also a scale effect with strakes at
some larger model size? Or was some other factor responsible? A close examination of the
model revealed one other possibility. The smaller model was carved from a rectangular
block of wood and the chines were rounded with a file. The larger model, however, had
5.5-mm radius chines. Figure 8 shows the effect of using clay to simulate the square
chines of the smaller model. There is excellent qualitative agreement between the two
sets of data, and no apparent scale effect, although some effect of nozzle pressure ratio
is evident. The flow patterns thought to be responsible for this effect are illustrated
in Figure 9.

A larger model (Fig. 10) of Design 698 was built and tested by British Aerospace.
The wing and fuselage geometries of this model were identical to the larger of the two
models previously discussed. This was the first model in which inlet flow and separate
core and fan flows were simulated; the smaller models had used uniform circular jets. The
fan nozzles were 27.9-cm in diameter and the maximum fan pressure ratio simulated was
1.25. Ejectors were used for both the fan and core simulators.

Figure 11 shows the results of the tests at British Aerospace. As can be seen by
comparing Figures 3 and 11, the results obtained at BAe agree with those obtained with
5.1-cm uniform jets at Grumman. This indicates that there is no effect of model size and
no effect of simulating the engine core. This latter result is not confirmed by later
testing of a slightly different configuration at Grumman.

*Other work indicates that excessive toe in can eliminate the ground cushion, but that is
beyond the scope of this investigation.
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Since the testing discussed above was completed, the aircraft configuration has
evolved to incorporate a rounder fuselage with strakes and a higher (-1.5) fan pressure
ratio. This is the configuration of the full-scale model of Figure 1, and of a 1/24 scale
model (5.0-cm nozzle diameter) tested at Grumman. Both of these models were built and
tested with support from agencies of the United States government. The small-scale model
was built as an exact replica of the full-scale model. The test apparatus provide the
capability to vary jet temperature and pressure and to simulate both uniform and coannular
jets. For the coannular jets, fan and core temperature and pressure could be varied
independently.

While the primary purpose of building and testing the small-scale model was to ac-
quire data for use in developing a computerized prediction methodology for jet flow near
the ground, it provided an excellent opportunity to evaluate scale effect and determine
which variables had the greatest effect on small-to-full-scale correlation. The
variables considered were nozzle pressure ratio, Jet temperature, and type of flow (uni-

form or coannular).

Figure 12 shows the effect of varying jet total pressure for uniform, room-
temperature jets. With strakes extending 15

° 
below the horizontal, there is only a small

effect of jet total pressure and no clear trend of induced force with nozzle pressure
ratio.

Figure 13 illustrates the effect of temperature for the same configuration. These
tests were performed at the highest nozzle pressure ratio, shown in Figure 12, so that
forces and balance sensitivity would be high. Jet temperature has only a small effect on
induced forces and there is no apparent trend with temperature near the ground.

Figure 14 shows the effect of core temperature for the same aircraft configuration,
but with proper simulation of the core and fan flows. As in the case of a uniform jet,
temperature has little effect on induced lift. More importantly, a comparison of Figure
14 with Figures 12 and 13 shows a significantly lower level of ground cushion with a coan-
nular jet than with a uniform jet.

Figure 15, which is for a slightly different configuration (strakes extending 45
° 

be-
low the horizontal), shows that while it is important to simulate coannular flow, it is
less important to have an exact simulation of each of the two flows. The test condition,

(PFan - Pa)/(Pcore - Pa) = 1.76, which is closest to the full scale conditions
does not have a significantly different level of AL/T than any other combination of fan
and core pressures, including the case where core pressure is higher than fan pressure.

Figure 16 compares the results of testing the small-scale model (with coannular flow)
and the data from the full-scale model. Three things are apparent from this figure:

" Deflecting the strakes farther below the horizontal increases the peak level of
the ground cushion and reduces the height at which it occurs

" There is excellent correlation between the small-scale and full-scale test results

" There is considerable scatter in the full-scale data.

The first result is not unexpected, and is consistent with scale model testing of a
configuration with a square fuselage. See, for example, Figure 2, where vertical strakes
enhanced the ground cushion which existed for the basic aircraft. Strakes at 45

° 
and 150

can be considered intermediate cases between the two extremes of Figure 7.

The second result is the most important one, and has significant implications for fu-
ture V/STOL testing. It is, in fact, the major conclusion of this investigation.

The third result is due to the data acquisition system used for the full-scale model.
Induced lift is a small number calculated from three large numbers; namely, power-on bal-
ance reading, power-off balance reading, and thrust (calculated from exit rakes). Since
the accuracy of these various items is of the same order of magnitude as the induced lift,
a significant amount of scatter was inevitable. Induced lift on the small-scale models
was measured by separate airframe balances, which is an inherently more precise test
technique.

CONCLUSIONS

For aircraft of the class considered, scale effects are small. Details of the air-
frame must be simulated accurately; coannular jets must also be simulated. As long as
these items are modelled properly, differences in jet temperature and nozzle pressure
ratio will not cause significant differences in jet-induced lift between the model and the
full-scale aircraft.

It is suggested that all V/STOL aircraft should have lift-enhancing strakes for the
following reasons:

" They work

" By assuring flow separation at the chines of the fuselage, and fixing the location
of this separation, they eliminate a possible source of scale effect.
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Fig. 10. BA9 Model of Design 698 in BA. V/STOL Tunnel
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JET EFFECTS ON FORCES AND MOMENTS OF A VSTOL
FIGHTER TYPE AIRCRAFT
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SUMMARY

This report is a compilation of significant results classified as "Jet Effects on Forces

and Moments of the VAK-191 B".

The basis of the report are the flight tests carried out by VFW and the US-Navy.

The jet induced effects were investigated during the Vertical/Short Take-Off and
Landing (VSTOL) mode in and out of ground effect, in yawed flight, during hover and
transition right up to aerodynamic flight.

The flight test results were compared with wind tunnel measurements performed
during the VAK-191 B development phase and used for preparation of simulatiun
and Automatic Flight Control System development.

Trends and deviations between aircraft and model test results were verified, analysed
and corrected if necessary. Compared to conventional aerodynamics there was considerably
questioned the adequacy of wind tunnel data preparation.

The practicability of wind tunnel data for the assessment of VSTOL aircraft design
and determination of flight characteristics and performances are discussed and evaluated.
Finally, recommendations for the measurements of jet induced forces and moments on VSTOL
aircraft are outlined.

SYMBOLS

Ae jet exit area
b wing span
amean aerodynamic chord (m.a.c.)
De jet exit diameter
e index for "experimental system"
H,h center of gravity height over ground
L lift
&kL jet induced lift loss

1 rolling moment
M,. flight Mach number
am jet induced pitching moment

N normal force
n yawing moment
P T/P_ nozzle pressure ratio
qx/qe jet streamwise local dynamic pressure ratio
s halfspan
T thrust
TnTz normal thrust
Te jet exit temperature
V. aircraft forward speed
Vi jet exit velocity
W weight
x jet streamwise station

a angle of attack
0angle of yaw
$f flap angle
30 elevator angle
onozzle swivel angle

1. INTRODUCTION

VFW-FOKKER and the US Navy have participated in a joint flight test program for the
VAK-191 B (Fig. 1) between June 1974 and October 1975. A significant portion of the flight
tests was devoted to determining the propulsion induced forces and moments on the aircraft.
The experimental program included vertical and short take-offs and landings and hover
flights in and out of ground effect (IGE and OGE) as well as transitions to full wingborne
flight.



The program objectives to be fulfilled by these flight tests were as follows:

" Measurement of the propulsion-induced forces and moments on the VAK-191 B aircraft
during various flight conditions.

• Comparison of flight test results with existing model and prediction data.
* Evaluation of the effectivness and applicability of utilizing scale model tests to

predict aircraft flight characteristics.
* Recommendations for future V/STOL induced forces and moments testing and data

reduction techniques.

2. OVERVIEW ON THE PROPULSION-INDUCED FORCES AND MOMENTS

Besides some intake influences the changes in forces and moments are basically due
to suction forces caused, IGE and OGE, by flow entrained into the jets and by the
fountain phenomena of vertically blowing groups of nozzles near the ground. Therefore
the jet induced effects mainly depend on the position of the engines relatiX to the
aircraft surfaces and to strength and direction of the propulsion efflux.

Regarding the lift loss it can generally be said that a nozzle position near the wing
leading edge causes more suck-down than a position near the wing trailing edge.

Much more difficult to evaluate are the jet induced moments. The change in pitching
moment is primarily initiated by jet induced downwash at the elevator and depends mainly
on the nozzle swivel angle. Increasing the latter leads to an increase in pitchup moment
although the jet axis drifts away from the elevator. Besides this it was observed that
on the VAK-191 B the cruise engine contributes more to the jet induced downwash than the
lift engines, probably because its efflux influences a broader region of the wing span.

Regarding the side slip the jet induced downwash is increased substantially leeward
the nozzles resulting in higher suck down forces on the leeside wing half and inducing a
rolling moment out of the wind direction. The forward lift engine and the two forward
cold nozzles of the cruise engine are particularly responsable for this phenomena on the
VAK-191 B.

In contrary the rear lift engine and the two hot rear nozzles of the cruise engine
have a considerable influence on sidewash induction on the fin, thereby affecting the
yawing moment. Strong suction occurs in the jet wake and reinforces the natural crosswind
on the fin, thus increasing the directional stability.

Another influence on aircrafts lateral moments arises from the engine intakes. Due
to the symmetrical positioning cf the lift engines relatie to the center of gravity, the
lift engine intakes only contribute to the rolling moments. The cruise engine intake,
however, destabilizes the yawing moment. This leads in total to a destabilizing
increment from engine effect in a region up to 15kts where the intake influence isstronger
than the jet induced moment on the fin.

3. FLIGHT TESTS

The flight test program comprised the whole pattern of vertical and short take-off
(VTO, STO), vertical and short landing (VL, SL) and hover flight, each in and out of
ground effect, and the transition up to aerodynamic flight. The flight data was transmitted
via telemetry to a ground station with provision for continuous real time taping of the
selected aerodynamic parameters.

During the long test period the flight test program -originally resulting from
simulation based on W/T results- was steadily improved by pilots'experiences and introductin
of new flight test techniques for different test areas.

Figures (2) and (3) summarize the procedures the pilots used for aircraft stabilizaticn
or steady movement to produce data on jet induced forces and moments.

In fig. (2), left hand side, test objectives are defined: take-off, short take-off
and hovering out of ground effect (OGE), landing and short landing and hovering in ground
effect (IGE). For example during take-off, time t- at the aircraft is at preconditions
with engines idle, nozzle angle 45 deg, attitude preselected. At time t pilots input is:
engine full power, main engine nozzle angle swivelled between 80 and 100 deg. At time
t + at aircraft reacts first by increasing height in ground effects and then gaining
altitude out of ground effect. The STO and hovering OGE begins with increasing height IGE.
Pilots input is to reduce thrust and to adjust nozzle angle and attitude as required. The
aircraft then follows on with OGE stabilization.

Landing is performed vice versa, whereby short landing leads to hovering IGE as can
be seen in the last line of figure (2).

The next fig. (3) outlines two special techniques to measure OGE and IGE jet induced
effects with throttle pulse and step down method, respectively. Throttle pulse input used
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at low forward speeds to produce data out of ground effect, step down technique aimed at
aircraft stabilization at constant height in ground effect with throttle manipulation for
constant height steps.

To obtain the effect of (V./Vj) during transition flight it was aimed to keep nozzle
angle and thrust constant and increase aircraft speed by changing pitch attitude only.
However, the usefullness of this method was limited by the descent rate which quickly
built up to extreme values. Therefore it was necessary to vary the cruise engine thrust
as an addition parameter with corresponding uncomfortable data reduction.

Wingborne flight, outlined in the last line,was performed by stabilizing the aircraft
in different configurations, for instance, flap setting, angle of attack or velocity.

4. MODEL TESTS

The windtunnel tests for the VAK-191 B started in 1963 and the final tests were
performed in August 1970 at the beginning of the flight test program. About-3000 hours
were spend to investigate jet induced effects in and out of ground effect. The relevant
wind tunnel tests with engine jet simulation were carried out in the DFVLR low speed tunnel
Porz Wahn near Cologne.

4.1 Model Description

The design prinziple of the model is shown in fig. (4). A three tube support sting was
mounted in the wind tunnel test section by a wire suspension. Compressed air was fed
through this sting to the engine nozzles, which were mounted at the front end of the sting.
The upper tube led the air to the rotary cruise engine nozzles, whilst the two lower tubes
fed the lift engine ones.

The complel hull of the model encased the sting-nozzle arrangement without touching
it. The hull was connected to the sting via a six component strain gauge balance. The
gaps between hull and nozzles were sealed by a thin rubber foil.

In this arrangement the strain gauge balance measures the aerodynamic forces acting
on the hull, while thesting directly carries the thrust load of the jets. So it is
possible to study the influence of the jets on the external flow around the model without
interaction of the jet momentum force.

Due to the wind tunnel equipment and the simple model design the use of real jet
temperatures was not possible. In fact all tests were performed simply with cold compressed
air.

Suggestions for the best scaling of nozzle exit velocities necessary for nozzle
pressure ratios are outlined in chapter 8.

4.2 Range of Model Tests

Jet effects were determined using models with and without ground simulations, with a
continuously adjustable plate beneath the model in flight attitude.
Following procedures were simulated:

0 Conventional take-off and landing with lift engines off, cruise engines nozzles
swivelled back ( ef = 50), for speed up to 120kts and angle of attack 0 to 12 deg.

* Short take-off and landing with lift engines running, at speeds up to 170kts and
swivel angles 5 to 90 deg.

* Transition, with speed and angle of attack up to 240kts and -6 to 30° , respectively.
The swivel angle varied between 5 and 90 deg.

Furthermore the following variations were tested:

* Cruise engine running, lift engines off
• Cruise engine off, lift engines running
* Cruise and lift engine running

4.3 Typical Model Data

The next fig. (5) shows results from suck down wind tunnel tests out of ground effect.
Jet induced lift loss referred to the normal thrust component (AL/Tz)e is plotted
against velocity ratio (V.. /Vi)e for two angles of attack a with nozzles swivel angle
as parameter, flap angle 3f and elevator angle 3e equal zero.

Similar diagrams are plotted for pitching moments fig. (6)

For purpose of quick and effective model data application also crossplots were made,
such as lift loss against angle off attack with velocity ratio as parameter etc. All
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aerodynamic data for jet induced effects were stored in punch cards which can be inter-
polated and calculated for arbitrary configurations.

5. MODEL TO FLIGHT COMPARISON

The jet induced components are defined as the difference between the forces and
moments on an aircraft configuration with engine on and off, respectively.

The establishing of the jet effects therefore requires further testing with an
engine-off configuration for which corresponding wind tunnel data were used.

These data, depending on angle of attack, flap and trim angle, were subtracted from
the forces and moments of the Hlight configuration and thus led under consideration of
thrust forces and moments to the jet induced effects.

The results were then plotted irk a computer output together with the wind tunnel
based jet induced effects of tile samae configuration.

6. ANALYSIS

This chapter contains flight test evaluation results compared and analysed with
wind tunnel data.

Evaluated flight tests are outlined in fig. (7). The number of flights and range of
used parameters are plotted for different flight modes. A total of 80 flights were analysed
including 31 take-offs and landings, 5 step down, 5 hovering, 4 transition and 5 wingborne
flights.

The next diagrams display the results. Though the number of plots is limited because
of the brief character of this report, they are as well representative as they cover the
whole field of flight tests and include results of satisfying to good agreement between
wind tunnel and flight test data.

6.1 Test Data in Ground Effect

The diagram in fig. (8) presents a landing in ground effect. Lift to normal thrust component
is plotted against h/b, h being the height of aircraft center of gravity over ground and
b the wing span.

The diagram shows a vertical landing, zero forward speed with nozzle swivelled to
a= 100 deg. To avoid angles of attack and sideslip of 1 180 deg the forces are referred

to the earth coordinate system. Undercarriage touch is at h/b = .35.

The curves show for model and flight test the same trend in ground effect but the
absolute value is nearly 2% different. Typical for vertical landing is the increasing
suck down with decreasing height which is, however strongly reduced directly over ground
by so called fountain effects.

Fig. (9) shows the lift loss for a short landing in ground effect. The data is taken
from two flights at aircraft speed of 39kts and 57kts, respectively. The lift loss level
at the lower speed lies between 6% and 10% of normal thrust. Increasing the aircraft
velocity to 57 kts leads to an increasing lift loss of about 14%.

Once more the dependence from height over ground compare well for flight and model
test, but showing a constant difference of nearly 4%.

The next fig. (10) presents the jet-induced change of pitching moment for the same
two flights, 39kts and 57kts in the upper and lower diagram, respectively. A phase shift
of 0.2 to 0.4 h/b is noticeable in the upper graph, possibly caused by dynamic effects
on the aircraft. The lower diagram shows a jet influence of about 2% thrust times m.a.c.
without a clear trend correlation in the plots. These 2% thrust times m.a.c. is equivalent
to 0.4 mkp in model tests or 5% of a lift engine moment. This will be detailed in chapter 7.

A comparable set of flight test data was evaluated for take-off in ground effec'-.

Diagram (11) shows the suck-down for a vertical take-off. The picture is similar to
the vertical landing one but shows in contrary to this a phase shift off about 3% height
to wing span. Taking this into account the lift loss difference between flight and model
test is in the order of 1%.

The next diagram (12), presenting a short take off, outlines once more a rather good
.;reement in height dependence between flight and model test. The absolute values, however,
lfifer in the same order of magnitude (4%) as observed in the short landing case.

The corresponding changes in pitching moment are shown in the next fig. (13). Even
-hp similarity to the short landing case is obvious. Differences in trend and absolute
, rp nearly the same.
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Generally can be said that there is no remarkable difference in test data quality
between take-off and landing flight technique.

After having presented typical forces and moments comparisons and discussed trends and
discrepancies, the influence of main parameters on jet-induced effects will now beioutlned.

Velocity Effects

Aircraft velocity influence on lift loss is illustrated in fig. (14) for a take-off
example.

* aircraft speed between 0 kts and 70 kts causes increasing lift loss in flight test
results

- hovering produces 2% - 4% referred to normal thrust, whereas forward speed gives 6%
to 12%

- lift loss difference between flight and model tests for VTOL and STOL up to 70 kts is
2% and 4% - 6%, respectively.

Regarding pitching moments an increase in nose up pitching moment of the order of 4%
normal thrust times m.a.c. was observed between hover and 70 kts in ground effect.

Effect of Nozzle Angle

Nozzle angle was varied between 85 and 100 deg during in ground effect flight tests,
but no effect on lift or pitching moment was observed.

Effect of Aircraft Height above Ground

In vertical take-off and vertical landing mode an immediate increase of lift loss was
observed during ground clearance up to heights of about .8 and .6 wing span, respectively,
there after decreasing continuously to 3% normal thrust loss.

In short take-off and short landing mode with forward speeds above 30 kts, height
influence on suck down forces and moments is less pronounced and rather erratic.

6.2 Test Data out of Ground Effect

Coming to heights where ground effect no longer exists, the main deciding parameter
becomes the free stream to jet velocity ratio. Fig. (15) shows the lift loss for a transition
flight with a = 100,5 deg. The jet induced forces increase strongly with increasing
forward speed and are of a much higher amount than observed in the in ground effect tests.
The trends of model and flight tests compare very well but a difference in the absolute
value of 3% to 4% remains. Fig. (16) presents the same data of a transition flight with

o = 80 deg. The symbols belong to the different flights from which the curve's slope is
produced. The input point for zero forward speed was taken as a mean value from several
hovering tests. Again the model tests are similar in trend but lower in level.

Corresponding jet-induced pitching moments are to be seen in fig. (17). Here the
difference lies between 6% to 8% normal thrust times m.a.c.

The jet-induced pitching moments for the a = 100,5 deg flight is plotted in fig. (18).
In comparison to the previous diagram the curve's slope at velocity ratios above .15 is
much smaller here what leads to smaller absolute values at higher forward speeds. At .25
we find, for instance, a change in pitching moment of 12% compared with 24% in the 80 case.

After presenting typical force and moment comparisons and discussing trends and discrepan-
cies, the influence of main parameters will now be outlined.

Velocity effects

The crossplot in fig. (19) shows the important influence of the freestream to jet
velocity ratio on the jet induced lift loss. The data are derived from 6 flights. It can
bee seen that tripling the velocity ratio increases the lift loss by a factor of about
3.5.
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Effect of Nozzle Angle

Compared to velocity ratio the influence of cruise engine swivel angle is relatively
small. This result confirms that lift loss versus normal thrust component plot is
reasonable. It is to be noticed, however, that the normal thrust component of the cruise
engine decreases considerably with nozzle swivel angle and that a referring to total thrust
would lead to a much stronger dependence.

7. CONCLUSION

7.1 Overall Conclusions

Some items must be emphasized before discussing the applicability of data.

0 The high order of magnitude of jet-induced effects compared with other forces and
moments acting on the aircraft, namely bleed control forces and moments and aero-
dynamic forces and moments.

6 The problem of correlation between wind tunnel and flight test results, and the
assessment and prediction of aircraft handling and flight characteristics as well as
engine overpower for compensation of jet induced lift losses.

7.1.1Meeting the jet-induced Forces and Moments

In the VTOL and hovering mode where no primary aerodynamic lift acts on the aircraft
a lift loss in order of 5% thrust due to jet-induced effect occurs. This is in the same
order of magnitude as the thrust surplus referred to aircraft weight should be for
acceptable vertical acceleration.

Jetinduced pitching moments are about 2% total thrust times m.a.c., which is small
compared to one lift engine pitching moment of 15 to 20 times in magnitude and to thrust
modulation and bleed control which are 12 and 8 times, respectively.

Raising the aircrafts forward speed increases the jet induced effects rapidly, as shown
in fig. (20) derived from wind tunnel test results.

To counterbalance the aircraft weight during transition the normal force N, the sum
of lift, normal thrust component Tz and jet induced lift loss must equalize the weight
W. In the diagram a typical variation of these forces is plotted versus Mach number for
constant angle of attack and variable swivel angle. The shaded curve shows the resulting
lift loss when the total normal force is equal to the aircraft weight. The figure shows
that with increasing aerodynamic lift and thereby reduced normal thrust component jet lift
loss increases and after reaching a maximum decreases to a small value at the end of
transition. Notice the lift loss in this diagram is referred to the constant weight and
not to normal thrust, therefore varying strongly with swivel angle.

As a thumb rule the maximum normally lies between half and three quarters of the
aircrafts minimum aerodynamic flight speed reaching the order of 30% to 50% of the
aircraft weight.

Besides the lift loss considerable changes on pitch, yaw and rolling moment occur,
resulting from wing and especially from jet-tail interference. Pitching moment is altered
by about 30% thrust times m.a.c. influencing strongly the aircraft flight characteristics
during transition.

7.1.2 Applicability of Data

Coming to the problem of wind tunnel-flight test data correlation and prediction of
aircraft flight characteristics.

Bleed nozzle and flight control system design as well as their adjustment in the
aircraft were realized on the basis of wind tunnel results and were never changed during
the whole flight test period. This implied that the aerodynamics departments engagement
during flight tests was small, to meet with any urgent situation on the aircraft, except
on two occasions occuring at the beginning of the transition flight test phase. These
incidents important for model data applicability will be discussed in the following.

The first occuring in longitudinal motion, when the pilot increased forward speed
from hovering. Nose-up pitching moments produced commanded an earlier lift engine thrust
modulation than predicted by flight test simulation. This increased thrust induced addi-
tional suck-down on the horizontal tail keeping aircraft further nose-up, resulting in
unacceptable handling qualities.

At that time we recognized, that jet-induced nose-up pitching moments were higher on
the aircraft than derived from wind tunnel results.

=woo.
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We succeeded by changing the zero tail setting by 3.5 deg aircraft nose down,
linearizing elevator characteristics and in addition shifting the starting point of lift
engine thrust modulation. No further changes then were necessary until the end of the
flight tests.

Evaluating the pitching moments from flight tests confirmed that they were large
compared to wind tunnel test data, remember fig. (17).

The thick support sting at the rear of the fuselage is the cause of the small measured
nose-up pitching moments in model tests. It decreases the downwash thus producing nose
down moments which do not exist on the aircraft. Theoretical calculations using the panel
method for wing-body including jets confirmed the effects of a rear mounted sting. These
calculations were performed together with Grumman Aerospace Corporation for Naval Air
Propultion Test Center.

The second incident occured in side slip. In spite of good model to flight data correla-
tion, it was more problematic and dangerous for the safety of pilots and aircraft. The
main features are explained in fig. (21), which presents jet and intake influences on
lateral motion.

Yawing moment referred to thrust and wing half span is plotted against effective
velocity ratio which is about equal to Mach number. The cruise engine intake is destabi-
lizing in yaw, whereas the "basic" aircraft and jet influences are stabilizing.

The destabilizing intake moment for a fixed yaw angle, being roughly a linear function
of flight Mach number equalizes the stabilizing parabolic yawing moment at a certain speed
(see detail A). From hovering up to this limiting speed of about 15 kts (marked by the
dashed line) the aircraft is unstable in yaw motion. On the right hand side rolling moment
is plotted against effective velocity ratio. Lift engine intakes as well as jet influences
are destabilizing in roll. This delicate problem was foreseen when roll control was limited
in speed and side slip angle. However, as the limiting speed "B" was well within the
boundary for full roll control we assumed that no safety problem would arise, on condition
the pilot was "off" the rudder pedals. Caution was necessary because wind tunnel tests
predicted higher jet-induced effects for increasing angle of attack.

The aircraft had to be kept within the boundaries shown in fig. (22), where the rolling
moment in steady sideslip is plotted, comparing wind tunnel based simulation with flight
test data. The curves were taken from simulation tests holding constant angle of sideslip
for different angles of attack and aircraft speed with 50s of full roll control power.
Two points marked by full circle and triangle are evaluated from flight tests with
approximately comparable conditions. It indicates satisfactory agreement to the simulated
characteristic within a range of about 1 5% deviation of the needed roll control power.

Concluding, the prediction of flight characteristics based on wind tunnel results was
representative even in the case of unconventional and critical motion caused by sideslip.
Thus model data applicability for prediction of aircraft flight characteristics was
adequate in longitudinal, directional and lateral motion.

7.1.3 Model versus Flight Test Correlation

The prediction inadequacies of wind tunnel jet-induced aerodynamic data are summarized.

Jet-induced lift loss is higher on the aircraft than on the model.

* about 2% to 4% of normal thrust component in ground effect
" about 4% to 10% of normal thrust component out of ground effect
" about 2% to 3% of normal thrust component during hover flight

Jet-induced pitching moments differ both in nose-up and nose-down direction in ground effect,
the discrepancies being about 3% thrust times m.a.c.

In transition out of ground effect the flight test nose-up pitching moments are 5% to
8% higher than in wind tunnel tests. The explanation for this deviation was given in the
previous chapter. Thus the outstanding discrepances between wind tunnel and flight test
results concentrate mainly on jet induced lift losses during transition.

7.2 Problem Areas N
7.2.1 Discrepancies between Windtunnel Model and real Aircraft

One reason for the differences in wind tunnel and flight test results is found in more
or less important discrepances between model and full scale aircraft, such as nozzle
geometry, exit momentum, jet quality and failure in measurement of thrust, velocity, angle
of attack and normal acceleration etc.

The next two figures give an example of the influence of nozzle geometry on jet decay
and induced forces. They are taken from earlier measurements of Kuhn and Williams. Fig. (23)
compares jet decay that means the decrease of axis dynamic pressure of three different

iI
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nozzles, each for a cold and hot jet. The nozzles'exits are different in shape but equal
in area. The great advantage of the circular nozzle is clearly shown, followed by the
quadratic and then by the rectangular one. At a distance of 4 diameters behind the nozzle
for instance the decay of the rectangular jet has already taken place to an amount of 70%
whereas the circular jet decay is not yet noticeable. Using hot air, however, leads,
especially for the circular jet to earlier decay.

Fig. 24 compares two nozzles with same exit geometry but with different pressure
chambers. The lower diagram shows the jet decay as function of distance behind nozzle.
Nozzle 1 with a circular pressure chamber proves to be far more resistant, becauseof lower
turbulences than nozzle 2 with a long rectangular pressure chamber. In the upper diagram
the lift loss is plotted produced on a circular flat disk by nozzles 1 and 2 blowing through
a hole in the plate's center. It is to be seen that the later decaying jet I induces much
less lift loss than the higher turbulent jet 2 with its rapid decay.

The figure shows that double magnitude of suckdown and an increase of 3% thrust is
easily possible.

7.2.2 Measurement Accuracy

The engine thrust determination could be another source for discrepancies during flight
tests.

Thrust calculation based on compressor speed of rotation gives higher thrust when
accelerating the engine and lower thrust during deceleration leading to higher evaluated
lift losses for take-off compared to landing. Error in thrust determination is of the order
of ± 3% to ± 7%, whereby 3% more thrust shifts the flight test data close to the model data
for most flights in ground effect. Furthermore inaccuracy and nonregistering of velocity
and acceleration inputs could contribute to the observed discrepances.

8. RECOMMENDATIONS

From the experience gained during the aerodynamic development, wind tunnel and flight
tests on the VAK-191B, together with the associated problems, such as jet to airframe
interference, recommendations are made to encourage future VSTOL development.

8.1 Critical Model Test Parameters

This is one field of importance for future model design and testing. Besides angle of
attack the main parameters used in longitudinal motion tests were:

* effective velocity ratio (Va,/V )e
* nozzle swivel angle

While the nozzle swivel angle mainly influences the induced pitching moments by causing
a downwash field at the tail, the effective velocity ratio reveals to be strongly involved
in all problems of jet-induced forces and moments on the aircraft. So it becomes the most
important parameter whose physical background has to be studied carefully.

8.2 Scaling for Future Models

Considering the critical parameter of effective velocity ratio, it is recommended that
a better jet mixing with real temperature (hot gas) and turbulent efflux should be utilized
for model simulation.

To circumvent the difficulties of hot gas simulation - data input is laborous and
expensive and turbulent engine efflux difficult to achieve - the following stepwise method
is recommended:

• simulate effective velocity ratio with cold jets
* design nozzles for homogenous low turbulent flow
* provide individual massflow at each nozzle; pairwise in the case of nozzlessymmetrical

to the fuselage center line
* conduct measurements in rough program under these conditions
* assume jet induced effects obtained 5% to 10% higher than measured
* increase jet turbulence in some incremental steps with vortex generators at the nozzle

exit near the jet boundary
* obtain real engine flow characteristics from manufacturer, correlate turbulence and

evaluate lift losses
* conduct the complete model test program on the basis of correlated engine to model jet

turbulence
" if engine flow characteristics are not available, impute jet-induced lift losses by

data measured from assumed jet turbulence with tolerances of ± 5% of normal thrust
component.

Measuring jet induced pitching moments special attention must be paid to sting correc-
tion, because a fuselage tail support sting causes aircraft nose-down pitching moments. To
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improve model jet-induced pitching moment simulation, higher downwash must be achieved with
turbulence generators in the jet boundary as described above.

8.3 Improved Test Technique

The VAK-191 B model technique proved successfull especially in model size (1:10) and
design. Intake blocking as in the VAK-191 B depends on aircraft layout, normally intake
effects are measured seperately.

Great accuracy is necessary for model design, with complete knowledge of jet efflux
produced. Provision should be made for variable jet turbulence with vortex generators ets.
in the nozzle exit. The low turbulent jet condition requires a large air chamber to allow
homogeneous flow to the nozzles. Valve tapped ducts for seperate nozzle air flow should be
used.

Referring to flight test techniques there is hardly any difference in data quality in
the various methods used. To avoid velocity ratio fluctuations, the thrust should be kept
constant within a short time interval, resulting in step down throttle pulse input methods
for data evaluation. The disadvantages of these methods are:

" rapid thrust alteration leads to inaccuracy and failures in thrust calculation
* attitude stabilization is difficult after dynamic thrust alteration
" data information is limited to few height inputs per flight

On the other hand a more steady flight with a lot of small time intervals of aircraft
stabilization produces good results. This method was preferred for test evaluation and is
proposed for future flight testing on VTOL-aircraft.

8.4 Improved Instrumentation

The basic instrumentation of VAK model tests was sufficient, although further equipment
will be necessary to extend measurements on jet quality. The aim is to measure jet
turbulence as reference for the jet mixing intensity and this necessitates the measurement
of jet intermittancy in the neighbourhood of the jet boundary with, for instance, a hot
wire instrument.

For flight tests the jet-induced effects call for exact measurements of velocity and
thrust. Velocity is checked and corrected in the low speed region by different methods,
measurement of thrust, however, is insure as its calculation is based on compressor speed
of rotation, intake temperature and engine characteristics. A more exact thrust determi-
nation can be obtained by measurement of engine exit characteristics. This method is
proposed for future flight tests.
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SUMMARY

This paper reviews the fundamental role played by the fluid dynamics of jets within thrust augmenting
ejectors that are designed as propulsive units for V/STOL aircraft. It begins with a general discussion
that deals with the question of energy transfer efficiency and its impact on the production of thrust. It
explains why propellor-like devices more effectively convert available energy to thrust and cautions that
overall ejector performance is very sensitive to losses sustained by individual components. Stipulating
that the most important loss mechanism is incomplete mixing between the ejector's primary and entrained
streams, the paper then reviews an experimental data base that provides insight into interactions between
turbulent mixing and other factors and also provides direction toward improving mixing and ejector
performance. The paper contrasts free mixing and mixing in a confined environment and concludes that the
development of theoretical methods that successfully predict the performance of V/STOL ejectors must await
the results of new experiments that measure turbulence intensities and Reynolds stresses in confined
regions.

NOMENCLATURE

A cross sectional area

TL mean lift coefficient on blade, Equation (1)
D diameter of axisymmetric duct or breadth

of "two-dimensional" channel
Fisen thrust produced by isentropic expansion
H enthalpy or half-width of "two dimensional" channel
L length of mixing duct
M Mach number or momentum flux, Equation (7) et seq.
m M/-U, Equation (9)
ft mass flow
P,p mean pressure, pressure at a point
aq/qiDEA L  measure of duct-diffuser losses in an ejector
S frequency x nozzle diameter/jet velocity
T thrust
U mass averaged velocity in duct
u,v,w components of velocity at a point
V mean velocity
x,y,z coordinates in direction (x) and transverse (y,z) to flow
Y11 2  half-velocity width of jet

flow skewness, Equation (4)
Cdrag-lift coefficient, Equation (1)
nN primary nozzle thrust efficiency, T/Fisen
U primary stagnation temperature/ambient temperature

inlet loss coefficient
primary stagnation pressure/ambient pressure

p density
0 solidity, Equation (1)
Tij shear stress~~T/Fise

Subscripts

0,1,2,3 relating to primary, secondary, fully mixed, diffuser exit

1. INTRODUCTION

The fluid dynamics of jets plays a key role in several technologies applicable to V/STOL aircraft.
Propulsion is one of these and has proven especially troublesome to designers because of the great
difference in power required for cruise, on the one hand, and for vertical takeoff, on the other. Une
proposed solution to this problem has been to use the energetic exhaust gases fron engines designed to
certain cruise specifications by ducting them to ejectors which simultaneously "augment" and rotate the
direction of the engine's thrust vector.
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Ejectors are purely pneumatic devices but have factors in coiion, as well as in contrast, with such
mechanical devices as propellors and rotors. Like the mechanical devices, ejectors transfer available
energy and impart motion to large quantities of ambient air. In both cases, the momentum of the resultant
motion is equivalent to the thrust produced by either device. Unlike the mechanical systems which
transfer energy through normal stresses acting on the solid surfaces of rotating blades, conventional
ejectors transfer energy through shear stresses acting on the fluid surfaces of jets. Opponents of
ejectors correctly point out that the latter mechanism is inherently less efficient than the former while
proponents recite a littany of advantages that accrue to ejectors and question if efficiency is really a
germane issue.

This paper begins with a general discussion that deals with the question of energy transfer
efficiency and its impact on the production of thrust. It quantifies the degree to which propellor-like
devices more effectively produce thrust from available energy than do ejectors, but suggests that the
difference in effectiveness is not so large as to warrant altogether discounting ejectors. There then
follows a discussion of the role played by the fluid dynamics of jets within ejectors. Within this
framework, recent experiments demonstrate how high primary temperatures and pressures impact ejector
performance through their effects on turbulent mixing. Curiously, these temperature effects are either
favorable or not, accordingly, as the ejector is either short or long. The experiments also explain why
most theoretical analyses fail to predict the favorable effect of temperature. On the other hand, an
example illustrates how one analysis provides a posteriori assistance in explaining an unexpected
experimental result, very rapid mixing associated with acoustic resonance. Accelerating mixing beyond the
rate associated with normal turbulent processes is key to the successful application of ejectors to V/STOL
aircraft. The paper discusses several schemes for accelerating turbulent mixing before reviewing what is
known of mixing in a confined environment. Following a discussion of methods available to analyze ejector
flows, the last section summarizes the paper's principal conclusions.

2. THE PRODUCTION OF THRUST

Every ejector consists of one or more primary nozzles which discharge jets of high energy fluid into
a duct. It also has an inlet which directs a lower energy secondary stream of fluid into the same duct
where the two streams mix. An adjunct to mixing the primary jet and the secondary stream in a confined
region is a reduction in mean pressure from ambient which, in turn, maintains the flow of the secondary
stream through the inlet. Under normal circumstances, the secondary flow rate increases when a diffuser
is used to raise the pressure of the mixing streams to the level at the ejector's exhaust plane.
References 1, 2 and 3 provide explicit descriptions of the ejector process.

Expelling fluid through the primary jets produces useful thrust which in a sense characterizes the
source of energy. Useful thrust is also produced by the reduced pressures acting on the upstream surfaces
of the inlet, and it is this contribution which "augments" the primary propulsive force. The ratio of the
force produced by the entire ejector system, F, to the force produced by isentropically expanding tne
primary mass flow to ambient pressure, Fisen %o Visen , is called the thrust augmentation ratio, .

2.5 ___

AA
a._l I aa A, A01 tOI . i 111INLErT AREARATIA 

Figure I Ideal thrust augmentations for Figure 2. The effect of losses on the
ejectors with constant area thrust augmentation of ejectors.
mixing tubes. A3/A2 = 1.5 . From Reference 1.

Ideal ejectors transfer energy from the primary jets to the secondary stream in a mixing duct which
is maintained either at constant pressure or at constant cross-sectional area. Under these conditions,
together with the assumptions that the two incompressible flows completely mix, that there are no pressure
gradients normal to the mean flow direction, and that there are no inlet, nozzle or friction losses, one
can algebraically solve the equations expressing conservation of mass and momentum within the mixing duct.
The results of such a solution for constant area mixing appear in Figure 1 and show that specifying ideal
ejector performance requires two, independent geometric parameters. This point deserves emphasis in view
of the tendency in recent articles to relate * to just one parameter, usually A3/Ao . Traditionally, one
relates performance to the inlet area ratio, AI/Ao , and the diffuser area ratio, A3/AZ , and increasing
each parameter increases performance.

While Figure I suggests the potential of ejectors to double the thrust of a prime mover, one must
keep in mind the ideal nature of the assumptions underlying the calculation. Earlier papers L1,4J examine
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those assumptions and, through control volume methods which allow sonewhat more complicated but still
algebraic solutions, they assess the effect of nonuniform velocity profiles, nozzle losses, inlet losses
and wall friction. Thus, for AI/AQ - 20, A3/A2 = 1.5 so OIDEAL = 2.069 , a five percent increase in
either ',4 4 , or , results in a five percent reduction in V while a five percent increase in
Aq/qIDEAL resuts in a twelve percent reduction in p . The situation is worse when losses are

considered to be acting together, as must be the case in a functioning ejector. This state of affairs,
Figure Z, represents a much more reasonable estimate of what might be expected from thrust augmenting
ejectors. While a doubling of thrust still appears to be within reach, the calculation shows that
achieving such a goal demands extreme caution in identifying and controlling loss mechanisms. If not,
ejectors lose their appeal for application to V/STOL aircraft simply because propellors of any variety arebetter thrust augmentors.

Figure 3 clearly states the case and deserves discussion since or.e rarely considers the thrust
augmentation performance of propellors. By definition, p is the ratio of thrust produced by a propulsive
device to the thrust produced by an isentropically expanded jet of equivaTent energy. Following
McCormick's [5] discussion of modified blade element theory, the power required of a propellor producing a
thrust, T, is

-1.15 \ L/J 

)

where e is a drag-lift ratio, a is a solidity, CL is the average lift coefficient along the span of the
blade, and A3 is the area swept by the blade. On the other hand, the jet from an ideal nozzle produces
thrust

Fisen= pAo Visen

with kinetic energy flux

1 3
P - pAo Visen

= (Fsen/PA)/2 (2)

Equating (1) and (2) eventually gives a relation for the system's thrust augmentation ratio

T =(3)1/3 0.77 1 2/3
Fisen AO 1.15 + (3L/4)(12ICL)1Ij

Typically, 0.05 a 0.12 for helicopter rotors, 0.2 _ a ( 0.4 for propellors, and 2 4 a ( 5 for
ducted fans. These values, together with e = 0.03 and CL = 0.5, give the associated regions in Figure 3.
The region labeled "ejectors" in the figure represents the envelope of performance of all ejectors with
the "reasonable" losses discussed in connection with Figure 2. The performance curve of any particular
ejector (defined, for example by its inlet area ratio AI/Ao) with "reasonable" losses rests within this
region. Three examples are given, AI/A o = 10, 16, and 25. It is clear from these results that quite
apart from performance, designers have other factors in mind when they choose ejectors for V/STOL aircraft
propulsion systems. These factors are discussed in a number of earlier papers LI,2,3] and include
favorable flight-lift characteristics, low downwash velocities and temperatures in hover, low noise
production, a general advantage due to the lack of rotating machinery and circular planforms, and
compatability with modern turbine engines.

Propellor devices and ejectors all produce thrust by transferring energy into a stream whose momentum

flux represents the force produced by the device. In view of Figure 3, the essential difference between

the two systems is that prouellors impart more momentum per unit of available energy. The reason for this
is that propellors transfer energy through normal stresses while ejectors rely on shear stresses for
energy transfer. Several years ago it was thought that the use of high temperature and moderately high
pressure engine effluents in the primary flow would further degrade energy transfer efficiency in

ejectors. A number of independent calculations [6,7,8J support this concern. Figure 4, for example, was
adapted from Reference 9 and cleaily predicts the adverse effect on thrust augmentation of increasing the
temperature of the primary gas of an inlet area ratio 15 ejector operating at a primary pressure ratio of
2.5. However, this calculation and, to the best of our knowledge, all other control volume methods that
include the effects of primary gas temperaturp' and pressure, fail to account for the interaction between
such state variables and the heart of the ejector process, turbulent mixing. Even those analyses that
attempt to account for friction and other losses through the use of descriptive parameters have no 9
priori means of relating those parameters to state variables. In which case, compressible flow control
voTume analyses serve only as guidelines to the thermodynamic limits of ejector performance and contrary
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to the intention of Figure 4, they can predict neither the performance nor the mechanics of a specific
ejector operating under different primary temperatures and pressures. There is, however, a set of
experimental data that sheds light on the interplay between the mechanics and the thermodynamics of
ejectors.
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Figure 3. Propellors and similar devices t = 2.5 as computed by the

are better thrust augmentors than control volume approach of

ejectors, but their swept areas Reference 6. Figure adapted from

must be circular. Reference 9.

3. THE MECHANICS AND THERMODYNAMICS OF NON-IDEAL EJECTORS

References 7, i, and 11 report experiments with a simple, well calibrated, Al/A o = 25.8 ejector
consisting of a convergent primary nozzle and a constant area mixing duct smoothly mated to a bellnouth
inlet. Because of this simple configuration, one can see clearly those interactions between primary state
variables and performance that are usually overpowered and masked by events arising in diffusers and other
components. In each of the experiments, the ejector entrains its secondary air and exhausts its efflux to
the atmosphere. Reference 11 reports distributions of the pressure along the wall of tne nixing tube and
surveys of the temperature and pressure in the ejector's exhaust plane. Primary temperature and pressure
ratios vary throughout the ranges 1.0 < u < 2.7 and 1.7 < Yr < 6.6 , respectively, while the
length-diameter ratio of the mixing duct spans the range 3.5 < L/D < 12.5 . The shapes of the pressure
and temperature surveys in the exhaust plane provide a graphic indication of how completely primary and
entrained flows mix. These observations are quantified by the skewness ratio, ;3 , which is a shape
parameter associated with mass and momentum distributions at the exit plane of the ejector, i.e.

0 fpu. d(a/A 3 ) (4)

fp - d(a/A 3) [fu - d(a/A3)] 2

3 - I results from the perfectly uniform profiles characteristic of completely mixed flows, whereas 3
1.5 indicates very scant mixing between primary and secondary streams. Figure b presents selective but
representative results from Reference 11 and shows the more complete mixing, i.e. a monotonically
decreasing '13 , afforded by longer mixing ducts. As a consequence of Figure 5, There would appear to be
no appreciable benefit to be gained from increasing LID beyond eight, although this would not be the case
for ejectors with inlet area ratios, Al/A o , greater than 25.6. It is also very important to observe in
Figure 5 that the two flows more completely mix when the primary stream is hot, and that this effect
becomes more pronounced as the length of the mixing duct diminishes. The reason for this is that a notter
flow at a given stagnation pressure expands to a higher velocity, and this gives rise to a more intensive
shear layer that more rapidly mixes the attendant jet.

Reference 7 describes experiments in which the mass entrainment performance of the ejector was
measured over the same range of primary state variables and length-diameter ratios. Four representative
sets of data appear in Figure 6 which support the contention that mixing is complete and performance
maximizes at L/D i d for this ejector. Increasing the mixing duct length beyond eight diameters actually
degrades performance because the velocities at the edge of the boundary layer are higher when the flow is
well mixed, and the resulting friction losses become more pronounced. Apart from this, the data at L/U
8 appear to have reached levels consistent with thermodynamic limits, that is, increasing pressure and
temperature of the primary flow reduces performance. On the other hand, wh're the two streams have not
mixed well, say L/D < 5, the data also show that the favorable mixing effect of higher temperature
compensates the adverse thermodynamic effect of higher temperature.. So much so, in fact, that at tne
higher pressure, w - 3.1 , raising the primary flow stagnation temperature from v = 1.0 to u =

2.1 actually increases the performance of the ejector.
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Figure 5. Flow skewness at the end of a Figure 6. Mass entrainment performance of a
family of constant area mixing family of constant area mixing
tube ejectors. A,/A o  = 25.8 . tube ejectors, AI/A o  = 25.8 ,
Primary and entrained streams mix operating at various primary
faster (decreasing i) when the pressure and temperature ratios.
primary stream is heated. From From Reference 7.
Reference 11.

Finally, Figure 7 Shows representative thrust augmentation measurements obtained under the
conditions u = I , 1.7 < a < 6.6, and 0 < L/D < 1I.Z as extracted from Reference 11. As in the preceeding
figure, performance increases with the lengthT of the duct, achieves a maximum as j approaches unity
at L/D z8, and thereafter decreases as friction losses take their toll. These data are especially
interesting because in marked contrast to the predictions of most analyses, the performance of this simple
ejector actually improves over the entire range of L/U as the pressure ratio increases from 1.7 to 3.1.
The reason for this apparent conflict is that 0 depends linearly on the primary nozzle's thrust
efficiency, I (but it can be shown that y is almost independent of nN) and for this particular
nozzle, n.N = 0.91 at n = 1.7, whereas nN = U.955 ats = 3.1 . These efficiencies, of course, are the
values of o in Figure 7 with the mixing duct removed from the ejector, i.e., L/0 = U. The performance of
the ejector at w = 3.8 is quite another matter. While the nozzle efficiency differs little from that
at , = 3.1 , the data obtained at the higher pressure yield a higher level of performance so long
as L/D remains less than 6. Thereafter, performance is better at i = 3.1. A negligible difference in
nozzle efficiency does not explain this observation but an increase in the rate of turbulent mixing does.
Thus. with accelerated mixing between primary and entrained streams, short ejectors show an improvement in

* performance. On the other hand, long ejectors show a reduction in performance oecause accelerated mixing
quickly produces a more uniform profile within the duct which, in turn, leads to higher velocities on the
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Figure 7. Thrust augmentation performance (kHz)
of a family of constant area 25
mixing tube ejectors, Al/A o  =
25.8 , operating at the indicated
primary pressure ratios. The
nozzle's thrust efficiency at 20
these pressure ratios is given by
the data at L/D - 0. From
Reference 11.
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walls of the duct and larger friction losses. To explain the source of accelerated mixing at .= .8 * it
is reasonable to look for mechanisms that alter eddy size or structure. One such nechanism is the
resonant coupling of transverse acoustic waves to screech tones.

It is well known (Reference 12 and other references cited at Reference 11) that underexpanded jets
from convergent nozzles emit loud, usually high pitched tones. These are screech tones which derive from
the intensification and phase ordering of eddies in the jet's shear layer by pressure waves resulting from
the interaction of preceeding eddies with shock cells in the jet. Ordering occurs both in the direction
of the flow and circumferentially around the jet. Two circumferential modes have been observed:
symmetric, with signals at diametrically opposed locations in phase and asymetric, with opposed locations
also opposed in phase. The experiments of Reference 11 indicate that screech tones fron jets issuing into
ducts selectively tune in frequency and phase to certain resonant transverse acoustic modes of the duct.
Moreover, the rate at which the jet mixes with its surroundings is considerably faster in the asymmetric
modes. Figure 8 clearly associates the abrupt changes in screech frequency with equally abrupt changes in
the performance of an L/O = 5.1 ejector. The dashed line, a calculation that follows the procedure
outlined in the Appendix of Reference 7, serves only as a line of reference and describes performance
under conditions of constant friction factor and flow skewness. Ueparture of the data from the
calculation underscores that neither the friction factor nor the skewness ratio remain constant and, in
fact, change with a favorable impact on performance whenever the mixing node becomes asymmetric. Pressure
and temperature surveys [7] taken at the exhaust plane confirm the accelerated mixing associated with
transverse modes.

The experiments discussed in connection with Figures 5, 6, and 7 permit a reasonable response to the
question "what are the effect of elevated temperatures and pressures on ejector performance'" The answer,
quite simply, depends somewhat upon the reaction of the ejector's components to temperature and pressure
but mostly upon whether or not the ejector is long enough to assure nearly complete mixing. Insofar as
ejectors viewed as lift and thrust augmentors for V/STUL aircraft are rather short, it would seem that the
effects of elevated primary temperatures are at worst negligible and at best favorable. Aside fron the
influence elevated pressures have on component efficiencies (which most likely relate to Reynolds number),
experiments suggest a negligible effect of pressure on the performance of short ejectors unless, of
course, through some combination of events, elevated pressures trigger mechanisms that accelerate mixing.
In this case, higher primary pressures improve the performance of short ejectors. In the general case,
all practical ejectors show improvenents in performance when means are found to accelerate mixing.

4. ACCELERATED MIXING

The very short overall lengths typically imposed on ejectors by V/STOL applications encourage
designers to decrease the length required to transfer energy from primary to secondary streams. The most
obvious solution to this design problem looks at mixing as a surface or interface phenomenon and consists
of injecting the primary flow through a number of nozzles rather than just one nozzle. Unfortunately, the
benefits from this solution diminish rapidly because inlet lossses due to skin friction increase along
with the increasing number of primary nozzles. A related solution provides the primary jet with an
increased mixing surface by expelling it through a nozzle with a number of lobes or geometric
irregularities. These too tend to promote inlet losses due to friction, or even local separation, in the
entrained streams flowing over their external surfaces. The complete solution to the problem of reducing
the length of ejectors without sacrificing performance includes devising means to accelerate mixing
between the primary and entrained streams. The literature reports a number of techniques that are
operationally different but conceptually similar in that they somehow alter the large scale turbulent
structure of shear layers.

Such structures, or eddies, in a free planar jet may be imagined as irregular, fluid logs with a
diameter approximately half the thickness of the jet rolling in the direction of flow around axes that
span the breadth of the jet. They are characterized by length and velocity scales equal to the jet
thickness and the velocity difference between the centerline of the jet and its edge. The real free jet
is not nearly so anisotropic and includes eddys with axes normal to the larger and more intense log-like
eddies. The latter, however, are the agents principally responsible for mixing the planar jet with its
surroundings. Hypermixing nozzles [1,4,13,14J accelerate mixing by providing the jet with a second set of
intense eddies which, along with the log-like eddies, mix the jet with its surroundings. This is
accomplished by dividing a planar nozzle into relatively small spanwise segments. Adjacent segments
alternately incline the jet slightly from its mean flow direction, thereby assigning length (the segment's
dimension) and velocity (twice the inclination angle) scales to eddies with axes aligned with the mean
flow direction. Figure 9 contrasts the development of planar and hypermixing free jets. Initially the
streamwise eddies of the hypermixing jet nearly double the mixing rate, but as they grow in their
downstream development, a destructive interference occurs, and the hypermixing jet's rate of spreading,
dY1/2dx, returns to that of the planar jet. In References 13 and 14, Bevilaqua discusses hypermixing
jets in some detail.

One very attractive feature of hypermixing jets is their efficiency. Most hypermixing nozzles
develop thrust efficiencies around 96 percent. This is around two percent less than the thrust
efficiiency of plain convergent nozzles and is a small price to pay for doubling the rate of mixing.

While the literature reports no direct measurements, acoustic stimulation of jets also appears to be
an efficient means of accelerating mixing. Sato's [I] study of stability and transition of a free planar
jet, for example, provides early indication that external sound increases the width of the mean flow
profile. The effect, he reports, is consistently observed at two different sound frequencies at around 38
db above background noise. Roffman and Toda [16) also report experiments on planar jets that are most
sensitive to sound at acoustic Strouhal numbers (based on nozzle slot width), 5, of 0.14. They present
mean flow data at Strouhal numbers of 0.0 (no sound), 0.109 and 0.055 and these signals clearly have a
marked effect on jet spreading. Fifteen slot widths downstream, for example, the jet bathed in sound at S
- 0.109 has a mean half-velocity width more than 40 percent wider than a similar jet with no applied
sound. Other investigators observe like effects with axisymmetric jets. Becker and Massaro [111 claim
that at a certain critical frequency, the jet flares near its root and "the initial angle of spread as
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much as doubled...". Hill L18J describes the "Whistler", a nozzle that develops a controllable,
self-excited tone. Oscillating at a Strouhal number of U.315, the mean half-velocity width of the jet
exceeds that of a non-oscillating jet by bO percent at ten nozzle diai'eters downstrean.
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Figure 9. Accelerated spreading and mixing provided by streamwise
vortices (0 < x < 7 inches) in a hypermixing free jet.

Similar effects occur at relatively high subsonic jet Mach numbers. Over the range 0.15 < M < U.9,
Borisov and Gynkina [19] describe measurements of jets subject to intense acoustic tones focused at the
nozzle's exit plane. Typical results showing the increased half-velocity widths of free jets subject to
acoustic radiation appear in Figure 10, while Figure 11 indicates the dependence of the jet's width on
Strouhal number. There are two peaks in this curve, indicating that the jet is sensitive to acoustic
stimulation at a fundamental tone (approximately equal to Sato's S = 0.24 for sy1metric disturbances in a
planar jet) and its harmonic. A very thorough investigation of the response of axis.ymnetric jets to
acoustic signals is described by Crow and Champagne [Z0]. Here, too, sensitivity of the jet's mean flow
properties to stimulation at a fundamental tone (S = 0.3) and its harmonic (S = 0.6) is evident. Some of
their results appear in Figure 12 and curiously suggest a moderately faster decay rate of the centerline
velocity for the harmonic stimulation. Fiedler and Kroschelt's [ZI] results add to the data in support of
enhanced jet mixing in the presence of acoustic stimulation. In addition, their work expressly relates
the enhancement to an intensification of the large scale eddies in the mixing layer.
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Glass [221 observes very rapid spreading from highly underexpanded free jets (stagnation pressure
ratios around 5 to 15) whenever disturbances impinge on shock cells and create self-sustained screech
tones. It is exactly this phenomenon [11] operating in a confined flow environment that brings about the
remarkable improvement in the performance of compact ejectors which we discussed in preceeding paragraphs:
resonance within the mixing duct intensifies shear layer eddies and accelerates mixing.

It is unlikely however, that resonant stimulation of the primary jet is of importance in practical
ejector applications. The necessary condition is that a resonant frequency of the mixing tube differs
little from a sensitive frequency of the jet. Restricting attention to planar configurations, this
condition may be written as follows:

fres D fjet t D Vjet

a Vje t  t a

Taking kn = (fresD/a) = (n/2) and Sm = (fjett/Vjet) = m/4 , where n and m are integers, the
condition for resonant stimulation of mixing in an ejector becomes, roughly,

A1  2n 1

Ao  m Miet

and it is easy to show by substitution that no reasonably small integers n and in can balance this equation
within such practical limits as Mjet = U.6 and 20 < (A1 /Ao) < 7.5. It is necessary to find other means
than duct resonance if one wishes to accelerate mixing through acoustic stimulation in practical
applications.

One step beyond stimulating jets with the small disturbances of acoustic waves is exciting large
disturbances in unsteady jets. Techniques for creating the unsteady jet appear to fall into two
categories depending on whether the jet issues from axisymmetric or planar nozzles. In the axisymmetric
case, the jets are pulsed by some technique that renders the driving pressure a function of time. Curtet
and Girard's [23] photographs show that pulsed jets consist of vortex rings surrounding the body of the
jet, while Binder and Favre-Marinet [Z4J discuss the sensitivity of the spreading and decay of pulsed jets
to the amplitude and frequency of pulsation. Spreading increases with frequency up to a saturation
frequency, afterwhich it is no longer sensitive. Even after saturation, however, the jet remains
sensitive to amplitude and spreads faster as amplitude increases. Bremhorst and Harch [25] present data
at two frequencies, 1U and 25 Hz, and also show mixing increasing with frequency. They conclude that the
mean velocity properties of steady and pulsed jets are functionally equivalent, the effect of pulsation
being to move the virtual origin of the jet far upstream. Entrainment substantially increases with
pulsation. In fact, they measure four times the entrainment of a steady jet at eleven nozzle diameters
downstream.

Viets [26] discusses experiments with aspect ratio 1U planar nozzles that produce unsteady jets
through fluidic means. These jets spread Z to b times faster than steady jets although usually at a large
(ZU-30 %) cost in thrust efficiency. Moreover, to accommodate the fluidic coupling tubes, such nozzles
presently require a bulk that would seriously degrade the inlet performance of any ejector. However, this
fault must be considered as amenable to creative design techniques and the nozzles not discarded as a
viable means to accelerate mixing and reduce the lengths ejectors need for high performance.

5. CONFINED MIXING

Mixing jets in a confined environment imposes complications that are absent in an unbounded
environment. Free jet mixing occurs at constant pressure, and the flux of momentum at any stage of the
jet's development remains invariant. The jet spreads almost linearly and beyond the potential core,
roughly ten nozzle dimensions from the nozzle's exit plane, the peak velocity in the jet decays according
to an inverse power of distance. Also beyond the potential core, the mean prope-ties of the jet become
nearly self-preserving and scale with a local characteristic dimension of the jet, although Wygnanski and
Fiedler's [27] measurements suggest that true self-preservation in an axisymmetric jet develops not less
than 70 diameters downstream.

Confined mixing usually occurs in a strong adverse pressure gradient in the flow direction. The
curvature of the flow near the inlets of certain practical ejectors may also produce transverse pressure
gradients that can become quite large. Tailoring the cross-sectional area of the duct may also produce
zero or favorable pressure gradients in the flow direction, but such configurations have little bearing on
V/STOL applications wherein one seeks to increase pressure as rapidly as possible. In any event, mixing
in a confined region conserves total impulse (momentum plus pressure) rather than momentum flux. In
addition and in contrast to the free jet whose mass continuously increases with its development, the
confined jet develops in such a way that the mass flowing through any section of the mixing tube remains
constant. Curtet [28] defines a similitude parameter, m, that expresses the constancy of both total
impulse and mass flowing within a constant area mixing duct. Thus, for an ejector that entrains and
exhausts air to the atmosphere, and with
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and

Curtet' s parameter becomes

M 1

It can be shown that for high performance ejectors

M P. - P2
1 - - (1U)

where (p. - p2) is the pressure rise through a diffuser. Thus, ideally,

In = 1 (A (i)

and values of m of interest to the thrust augmentation problem lie within the range U.ib < m < U.6.
Curtet's [28] experiments with two-dimensional confined jets amply cover this range and provide the
foundation necessary for understanding mixing in a constant area duct. Some of his results appear in
Figure 13 which shows the decay of velocity along the centerline of the duct. The data bear a resemblance
to the decay of maximum velocity in free jets, but there are also some marked differences at certain
downstream locations. Hill [293 classifies these locations as the four distinct regions sketched in
Figure 14. These are:I i II --

NOZLEBOUNDAY LAYER

m :0.90~W

S) -0.545 A8-- -- O - "

. Figure 14. Schematic diagram of jet mixing
000 in a constant area duct. Adapted> 02from Reference 29.

~0.155

La. 000 0.088-

[ A. CRAYA 8 - 0.03i
R. CURTET'S THEORY Figure 13. Decay of the excess velocity in a

jet mixing with a secondary
10-i_ 1 1 stream in a two-dimensional duct

of width 2H at several of
10 Curtet's similarity parameters,

Relative Abscissa x/H m . From Reference 28.

(A) A potential core region, akin to the initial region of a free jet in which the central
Irrotatlonal part of the jet maintains its Bernoulli constant. However, in contrast to the constant
pressure free jet, the pressure is rising so the velocity on the centerline of the jet decreases. This
effect is quite pronounced in Curtet's [28] data obtained in a two-dimensional duct (Figure 13). In this
region, the secondary stream remains potential beyond the wall boundary layer and also decreases in
velocity downstream due to the rising pressure. Curtet's data suggest that the potential core region ends
at a distance LA given approximately by LA/H a U.645Mr0 .
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(8) A developing region wherein the jet profile assumes a rounded appearance and spreads out toward
the boundary layer on the duct's wall. The secondary stream between the boundary layer and the jet
remains irrotational. Hill [29J examines the conditions under which such jet profiles might be
self-preserving and concludes that W4/Wo << I (see Figure 14) is necessary. Typically one expects to
find 0.3 ( WU/W9 < 0.9 in high performance ejectors. Apparently (and surprisingly) this range
of WI/W o sat sftes Hill's condition because Curtet's [2d] experiments indicate that "...downstream of
the potential core and upstream of the point at which it (the jet) reaches the walls, the curve W/do =
f(y/&) becomes practically indgpendent of x ." X is approximately equal to the half-velocity width of the
jet and is defined by 2Wo =--J" W dy . While Curtet's paper contains no profiles that allow the reader
to test the accuracy of higHclaim, Razinsky and Brighton [30) do provide such a figure of data obtained
at WIW - 0.5 in an axisyn tric test rig. In their case, the function W/Wo = (I - , where 6

(radial position/jet width), describes well data measured throughout the inner oUI of the jet. Beyond
that radial position, data obtained near the potential core lie somewhat above, and data obtained closer
to the end of the regime lie somewhat below the function. If one ignores the boundary layers on the
duct's walls and assumes the validity of the similarity profile, the skewness factor, Eq. (4), at the end
of this region Is gs 1.012 for m = 0.15 and dB = 1.188 for m = 0.6. The first of these is a
respectable value, and increasing the length of the ejector beyond the end of region B gains little
in e . The second value of &% urges increasing the length of the mixing tube. To a very rough
approximation, the end of region B appears to follow the relation LB/2H - 2.3bm-u -77 for
two-dimensional ducts.

(C) If the jet entrains all of the secondary stream before spreading to the walls of the duct, a
recirculation region develops. Curtet [28) indicates that his similarity parameter, n, anust exceed 0.93
for this situation to occur. In the ideal case this corresponds to a diffuser area ratio A3/AZ =
0.73 , an unlikely situation for ejectors that augment thrust. Within the present context, this region
therefore has limited interest.

(0) At the beginning of the final region, the jet merges with the boundary layers on the walls of
the duct. The flow is everywhere rotational and not at all self-preserving. It is amusing, however, that
in this region, as well as in region C, one can find a length scale 6 that suitably fits experimental
velocity profiles to the function W/Wmax = [I - (r/6)1/2].

Hill [313 concludes that a similar set of four flow regions characterizes the developnent of jets in
axisyninetric ducts whose diameters vary in the stream direction. Figure 15, for example, shows that
within region B, before the jet reaches the wall, velocity profiles measured at four downstream locations
appear similar, notwithstanding the fact that over these locations the duct's area changes by almost a
factor of two. This is an encouraging result. It not only supports Curtet's £ZdJ and Razinsky and
Brighton's [303 observations on self-preservation, it also suggests a lack of essential difference between
the development of jets in either constant or varying diameter ducts. But, in fact, there may well be
essential differences that for the present remain unknown because the literature contains scant
measurements of turbulence intensities and Reynolds stresses for confirod mixing. Razinsky and
Brighton [303 report some measurements of turbulence in constant area, axisymetric mixing ducts.
Unfortunately, there appear to be no corresponding measurements in the literature that allow one to look
for the influence of changes in the duct geometry on turbulent scales and mixing rates. It is also not
clear if such effects could be seen in axisyvnetric flows although experiments suggest they may exist in
two-dimensional flows.

W-W/Wo. x/D A/A
-+.2 0 0.5 0.884

4 1.5 0.707
0 2.5 0.577

S3.5 0.485

m' - .5

4

.2

Figure 15. Nearly self-similar velocity
5 4 3 2 I 0 1 2 3 4 5 profiles occuring in a convergent

17- ,r/r,, duct. From Reference 31.

(a) Unstroined (b) Stroined

Figure 16. (a) Unstrained mixing in a duct whose sidewall remain
parallel and (b) strained mixing in a duct whose sidewalls
diverge.
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Reference 32 reports the results of experiments with two ejector configurations, AI/A 0 - 39 and lib,
tested over a range of diffuser area ratios. The primary nozzles of both configurations are simple slots
that span the square entrance plane of an L/Do - 3 diffuser. Air is entrained from the atmosphere through
an efficient inlet, and the mixing flow exhausts to the atmosphere through a straight-wall diffuser. Two
opposing sidewalls of the diffuser remain parallel and the remaining two walls diverge. The objective of
the experiment is to assess the effect on ejector performance of positioning the primary nozzles so that
they span either the parallel or the diverging walls of the diffuser. In the latter case, the principal
vortices in the primary jet are stretched or strained as they flow through the diffuser (Figure 16). The
implication is that a strained vortex filament produces higher Reynolds stresses and more rapid mixing as
a consequence of the conservation of its angular momentum. Figure 17 presents results of the experiment
and shows the higher entrainment velocities associated with the strained mixing. It is not clear from
these data however, whether the improved performance is due to better mixing, to Detter diffusion, or to
both. Pitot surveys of the flow within the diffuser support the more rapid mixing theory, but in the
absence of accurate turbulence measurements, the reason for improved performance from strained mixing
remains speculative.

.20

.14 -

.1 " Figure 17. Entrainment velocity ratios
achieved two diverging wall

. A I I Iejectors uz er strained (open
1 1.2 1.4 1. 1.8 20 2.2 2.4 2.6 symbols) and unstrained (solid

A,./A, symbols) mixing conditions.

Some words of caution are in order. Their application to V/STOL aircraft imposes on ejectors a
severe constraint on overall length that encourages abandoning a dedicated mixing duct in favor of mixing
in a diffuser. Typically, one sees length-to-throat ratios on the order of two or three. The pressure
gradients within such high performance devices are thus very strong and require the use of sophisticated
techniques to prevent flow separation. In contrast, laboratory experiments concerned with confined mixing
normally employ length-to-diameter ratios on the order of five to fifteen, and their pressure gradients
are relatively smaller. Thus, in a realistic ejector, the four regions discussed above may become
confused or altogether unidentifiable as strong pressure gradients interact with turbulent mechanisms.
The use of accelerated mixing devices certainly compounds the problem. Finally, it is somewhat ironic
that what we know least about in physics is what we are most sure of in practical ejectors: the flow is
turbulent and three-dimensional.

6. ANALYSIS METHODS

Both conditions, turbulence and three-dimensionality, make analysis of flows within ejectors very
difficult. In principle, one would like to solve the following set of equations:

State: T * p RT

Continuity: .-. (pu) + a (pv) + a. (pw) = 0

Momentum: ___u
) 

_ (uv (auw) p - + + z
2v) + ; P + a--Z ++a

z
Mo m T (Pv ) + (Puw) - - 1Y z

a (puv) + ±. (pv2 ) + !- (pvw) -P + + -ZY
Wx ay 3z ay ay az

a (puw) + a (pvw) + a (pw2) I p + atz + aTzz

Energy: T (puH) + y (PvH) +-j(pl) -* + a (

subject to the appropriate wall boundary conditions and initial conditions. The problem is elliptic,
however, and at least one of the initial conditions, usually the pressure, remains as an iteration
parameter. Only one value, the correct value, of this parameter will bring the mixing flow to its
correct, pre-specified pressure at the ejector's exit plane. To the best of our knowledge, the literature
reports no attempt to solve this complete set of equations. A few authors solve simplified equations.
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Hedges and Hill [331 consider two-dimensional, compressible boundary layer-like equations and use
several different mixing lengths in an eddy viscosity model to represent shear stresses within the duct's
different flow regions. Thus, prior to spreading to the duct's boundary layer, the mixing length in the
jet's shear layer is proportional to the width of the shear layer, while the mixing length in the boundary
layer is proportional to a boundary layer Reynolds number. An altogether different mixing length is used
after the jet and the duct boundary layer merge. The calculations compare reasonably well with data
obtained from an ejector with a non-constant area mixing duct, except in those regions of strong pressure
gradient. This is not surprising since eddy viscosity models are really appropriate only when equilibrium
exists between the mean flow gradient and the eddy viscosity.

DeJoode and Patanker [34) circunvent this proolem by using the Launder-Spalding two equation k-e
model to describe turbulent viscosity in their analysis of three-dimensional, incompressible mixing within
an ejector. The model differs from eddy viscosity models such as that used by Hedges and Hill in that
differential equations, rather than algebraic equations or constants, describe key features of turbulence.
The k-& model produces satisfactory results in certain complex flows and succeeds in UeJoode and
Patankar's work in delineating the streamise vortex structure that develops in hypermixing jets. It also
does a creditable job in describing the downstream development of the very irregular hypermixing jet
velocity profiles. When compared to measurements of the pressure rise through an L/D z 1.3, AI/A o = e.5,
Aj/A Z = 1.9 ejector however, the theory falls about 7% below experimental data. The authors suggest that
this is due to their neglect of effects produced by wall jets and friction on the walls of the diffuser.
While this is no doubt true, another and more important reason is that their computational domain excludes
the ejector's end walls where three-dimensional effects doninate the flow pattern. Other works L35,36J
use the same or similar k-e turbulence procedures to compute thrust augmentation performance of ejectors.
In general, the calculations do not compare very well with experimental data, and we suspect the cause is
the three-dimensionality of the flow throughout the entire ejector. Our search of the literature fails to
identify any successful effort to compute a fully three-dimensional ejector flowfield with an advanced
turbulence model.

In those select cases where the flow remains two-dimensional, where pressure gradients are not too
severe and, especially, where velocity profiles are reasonably self-similar, integral methods afford a
fairly accurate and timely computational approach. Hill £31) describes an incompressible flow method
which reduces the six equations of motion to a continuity equation and three moments of the x-monentum
equation. Their sinultaneous solution describes the development of the mean pressure, the primary and
secondary flow velocities and the spreading width of the primary jet. The pressure distribution Hill
computes fairly well agrees with pressures measured on the wall of an axisyimetric ejector of variable
cross-sectional area. In principle, then, one should be able to predict the ejector's thrust augmentation
with almost the same accuracy, although this has yet to be done. Whether or not such predictions would oe
useful to V/STOL applications remains doubtful, however, in view of the severe restrictions that identify
the validity of the method.

One-dimensional control volume methods provide the most simple analyses. Their shortcoming is their
inability to describe physical events in explicit terms. In a sense, this is also their principal
strength since the details of turbulent mixing and other three-dimensional physical processes occurring in
ejectors remain ill-defined at the present time. In this regard, certain parameters may succinctly
express the conined effects on performance of one or more of the physical processes. The flow skewness,
a, for example conveniently integrates the effects of mixing, wall friction, and flow separation within
the entire, three-dimensional flow domain. Unfortunately, assigning numerical values to such parameters
presumes access to a broad data base that reflects experience with many configurations. At the present
time, a designer equipped with such a data base may use any number of incompressible CI,37J or
compressible (6,7,38] control volume analyses to estimate the effect of geometric and fluid dynamic
parameters on performance. That he may do so with more accuracy and with less resort to art or intuition
than would be required should he attempt the numerical solution of equations employing sophisticated
models of turbulent transport, serves as an indictment of the meager progress we have made in developing
theoretical methods of analyzing ejector performance.

7. CLOSURE

Two other types of ejectors deserve mention. Foe [39) discusses a mechanism for inducing a flow into
a duct through the action of pressure waves established by rotating jets. Alperin [40j uses a control
volume approach to analyze the compressible flow of an ejector at high pressures and directs attention to
the "second solution" in which the mixed flow exhausts from the ejector at supersonic speeds. While both
technologies are important each lies beyond the scope of this work: the first because pressure, rather
than shear stresses, transfer energy and the second because such an ejector concept remains to be
experimentally realized. Consistent with the theme of this AGARO Fluid Dynamics Panel Symposium, our
interests concern the fluid dynamics of jets within thrust augmenting ejectors for V/STOL aircraft.

There mnust be compelling design reasons for this application of ejector technology since the energy
available from aircraft engines could produce more thrust if it were applied to the shaft bf a propellor.
Admitting such a compelling reason, perhaps a rectangular planform required for the propulsive unit, the
V/STOL aircraft application imposes a severe length constraint on the ejector. Reducing the length of an
ejector normally reduces its performance because there is less opportunity for the primary jet to transfer
its energy and momentum to the entrained stream. Accelerating the rate of mixing solves the problem. One
method of accelerating mixing is to heat the primary jet. This also has the adverse effect of decreasing
the density and momentum of the mixed flow but the more uniform distribution of momentum due to increased
mixing produces a net positive result In short ejectors. Other methods of accelerating mixing act on the
turbulent structure of the jet. These include hypermixing, which amplifies streamwise vortex structures
and unsteady jets which also amplify lateral vortex structures and may also lead to pressure-driven energy
exchanges.

Knowledge of the fluid dynamics of jets mixing in a confined region is poor. The experimental data
base consists mostly of wall pressure measurements and mean velocity profiles at selected stations within
a constant diameter, axisyimmetric duct. There are some mean flow data taken in convergent-divergent
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axisymetric ducts, and in constant area, rectangular ducts. In general, however, experiments described
in the literature involve long axisymmetric mixing ducts and relatively mild pressure gradients. In
contrast, high performance V/STOL ejectors are short, two-dimensional planforms with very large pressure
gradients. To understand the mechanics of mixing within then requires new experiments that measure
turbulence intensities and Reynolds stresses, in addition to mean flow properties, within similar,
two-dimensional planforms. Equipped with this information, we might then expect a substantial improvement
in the accuracy with which theoretical analyses predict the performance of thrust augmenting ejectors.
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RESUME

Une mod~lisation de syst~mes injecteurs, permettant d'augmenter la pouss~e, ou pouvant constituer
un dispositif d'entralnement de fluide, est proposge, en vue d'6valuer et d'optimiser lea performances
qu'on paut en attendre dans le cas d'un r~gime stationnaire. -

Un sch~ma simple. faisant l'hypothZ-se d'un m~lange rapide des 6coulements, perrnet d'exprimer A
partir des Equations de base, l'influence des diff~rants paramltres caract~ristiques de la trompe. Son ccn-
trFle expirimental eat effectu6 A partir de r~sultats obtenus dans l'6tude et ia mise au point d'une souf-
flerie A induction.

On examine sinai l'influence des diff~rents paramltres :rapport des sections de l'injection et du
fluide entraln6, nombres de Mach et rapports de pression. rapport des tempgratures.

La configuration mime de l'injecteur apparalt 6galemant comma tras importante, notamment en ca qui
concerne lea fluctuations de pression at le bruit agrodynamique qui en r~sultant.

SUMM"ARY -,TheoreticaZ Op timisation and l7perimentaZ Verification of an Ejector

A modalisation of induction systems, which could be used for thrust augmentation or more generally
constitute a fluid drive system, is proposed for the steady regime case. A simple schema in which a rapid
mixing of the flows Is assumed, allows to solve the basic equations and express the main parameters in-
fluence.

Its verification is effected, u-;ng a set of experimental data obtained during the study of an
induction driven wind-tunnel. Various parameters (area ratio between injected and driven flows, Mach num-
ber, pressure and temperature ratios) are studied. The injector configuration also appears to be very
important, in particular as to pressure fluctuations produced at injection and the corresponding aerodyna-
mic noise in the wind tunnel.

NOTATIONS PRINCIPALES

C0 vitesse du son S sectionM v itesse de l'c ulementrappo prt des sections
nombre de Mach Q d~bit

Pmasse volumique
P pression stat ique q pression dynamique

R1 pression totaleT tempfirature
Ti tempgreture totaleInie

t; enthalpie totalet rapport de tempgratures j injection
f fr~quence M milange

H hauteur V vein. d'essai
L largeur 1 coulement entralng

1. INTRODUCTION.

L'utiliaation d'injecteurs constituant le moteur d'une soufflerie a 6t6 le point de d~part de nom-
breuses Etudes effectuies A 1'ONERA.

Une solution de ce type avait dtg en particulier proposge, sous l'impulsion de Mr P. Carriere, pour
rfaliser une soufflerie europ~enne A grand nombre de Reynolds (Projet LEHRT, Large European High Reynolds
Wind Tunnel). Cette soufflerie devait fonctionner par courtes rafales, A tempgrature ambiante, svec une
veine de 2C ms2 de section.

Des 4tudes thioriques et exp~rimentales sur des installations A 6chelle r~duite, visant d'une part
A optimiser lea performances du sysam~e injecteur at A prouver d'autre part qua lea qualitfs de l'6coule-
ment peuvent ;tre bonnes inalgrE Is bruit engendrg par lea jets moteurs, ont donc 6t6 effectuies. On ana-
lyse Ici lea principaux aspects de ces Etudes.

AprAs une pr~sentation des Equations de base sch~matisant le fonctionnement de l'injecteur, on
discute lea r~sultats principaux concernant son optimisation thgorique et expfrimentale, ainsi qua lea me-
mires caractfrisant Is qualiti de 1'4coulement, en silntgressant part icul iarement au bruit agrodynamique
provenant des fluctuations de pression.
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2. THEORIE DE L'INJECTEUR.

2.1. Mod~lisation mono-dimensionnelle stationnaire.

Considerant un 4couleinent ne prdsentant pas d'effets de courbure accentu~s, nous d~finissons
cosime "6couiement mayen" 1'-coulement uniforme qul transporte lea mimes debits de masse, de dynaipie
( + PU ) et d'enthalpie. Cet Ecouiement (m) est ceiui qul se rgaiiserait 4 i'extrgrsit6 d'un canal cy-

lindrique prolongeant la section considgrge, et dans leguel aurait lieu un mglange idkal sans effete
I

pari~staux de viscosit6 et de conductibilitg thermique

U XY)J ()fp udS = puA
P, P,uMx z). (1 A m m

:A )A

1(2) A( mm~d =mPPUZ =0+M

Al ~ tM, M (3) f PUh1 dS = pmu h. A
M A m i nm

Si nous prenons comme variables principales la vitesse, Is densiti et is pression moyennes, Ia
tempgrsture, i'enthalpie totale et le nombre de Mach moyens s'en dgduisent par les relations

PM wmrM M rn rn/Cm a r "i P M m P im

Nous disposons sinsi de 3 6quations pour 3 inconnues, ce qui permet de dgfinir l'6tat moyen.

On a 6tg amend A mettre en oeuvre dana lea 6tudes expirimentales effectuges deux types d'injec-
tion :injection piriphgrique au travera de fentes anagges aux paroi-, injection rgpartie par une sgrle
d'injecteurs bidimensionnels plac~s au sein de l'gcoulement.

Les principaux aspects en sont schdmatisds figure I :l'injection p~rIphdriqte donne lieu A des
survitesses pras des parois, leur amortissement et en cons~quence le mglange avec l'gcoulement entra~ng
s'effectuant sur une grands distance ; l'injection r~partie au sein de Vgcoulement donne un mglange plus
rapide et des frottements aux parois plus faibles ;ii faut cependant y ajouter lea pertes de charge
propves aux aubages au bord de fuite desquels eat effectuge l'injection.

La modgliation utilis~e pour l'analyse des param~tres de Is trompe suppose qu'une discontinuit6
des caractiristiques a lieu au niveau du plan d'injection, faisant passer brutalement des caract~ristiques
notgss (1) pour l'dcoulement entra~ng et notges (j) pour l'6coulement moteur, aux caractiristiques (in) du
mdlange. Lea icouiements (1) et (j), aussi. bien que l'gcoulement moyen (in) qui en rgaulte, sont suppoass
stationnaires et uniformes.

L'6coulement moyen peut slors ktre calcuig facilement, A partir des 6quationa de baae qui expri-
ment is conservation de la masse, de la dynalpie et de 1'gnergie, 6qustions Ecrites figure 2.

En se servant des relations classiques des 6coulementa isentropiques, on peut transformer lea 6qua-
tions initiales en un syst~ine explicite de, 3 6quations a 8 inconnues, en y faisant appsrattre des formes
adimensionneiles. Si V'on se donne 5 paramltres caract~ti,3tiques des 6coulementa, on peut slors calculer

lesa utres ; par exemple X= S /S. ; M .; P./ P et T./ T. paraitres de l'injecteur et
m j' . J i 3 I

de 1'gcoulement entrain6, permettent de d~finir

Q / Qj rapport de dgbit massique

P;m
1 
RI rapport de pression, rgalisg par l'injecteur

Tim / Til rapport de tempgrature

M in nombre de Mach de l'6coulement apr~s melange.

On peut ausai se fixer Ix ; mi M ; T.I/Ti, et fl/f la i perts de charge 6tsnt impo-

age par le circiiit ; on caicule alors

Pjp , ip. Q4 /Qj Ti./ TiI Mm
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Do l'analyse do cn paraubtres, ii eat possible de choisir parai lee diffirontes solutions un
coupromia entro lea seilleures performances afrodynamiques des injoctours at les contraintes technologiquos.

Une telle discussion, effectufe da&bord pour le cas d'fcoulements moteur et entraindt a Name tern-
piraturo totals (#Sale A I'ambiante),,a peruis do ddfinir lea principales caracciristiqus do I& solution
proposle par lONERA pour 10 projet LRRT2 . La soufflerio transonique T2 du Centre de Racherches de
Toulouse, qui eat sensiblement ldSchelle 1/10 du projet europfon propoad, ainsi qu'une petite installation
pilot. T'2, difinies de I* mine manibre, sont lee deux installations dons lesquelles a 6td mis au point
et optimis# Io fonctionnement do la soufflerie I induction.

Leur adaptation pour un fonctionnement perfettant d'accrottre le nombre do Reynolds par uno dimi-
nution senaible de I& temp~rature do lIfcoulement, a conduit ensuite A ftendre lanalyse A des coo oil Ia
tempgrature total. des jets moteurs eat sensiblement difffrente do cello do I'ficoulement entraing.

2.2. Tromp. utilisie pour augmenter 1& pousslo des jets - crit~re do performance.

Afin d'illustrer lea possibilitie do cette modflisation dana 1e cas d'up augmenteur do pousaeo,
on pout choisir un enitire simple d'augmontation do poussde no prenant pas en compte pour cette premi~re
analyse, lee effete de porte do charge. La trompo sera schfmatisfe d'uno manuare identique A cello pro-
pose par B. QUINN, REF. 7.

Si Von suppose que la trompo entraino in 6coulemont qui so ditond apris m~lange, isentropique-
mont A la pression atmosphfrique, on peut exprimer Ia pousede T do cot ensemble en fonction des gren-
deurs moyennee (in).

q~ IF

Fli qj Tij1(~fj)1

Cette poussie f oat proportionnollo au produit a1Vi t fait intervenir la prossion
d'arrit Pim. Si V'on difinit alors IS pousse conventionnelle du jet Fj do Ia mime maniare, on pout
alorseoxprimer le rapport d'augmentation do poussie 0, qui no d~pend plus quo des paramitres caract6-
ristiques de la troinpo.

2.3. Optimisation thgorique do IVinjoctour augmentour do poussedo.

L'optimisation du fonctionnemont do Is trompe pout itro effectuge en analysant linfiuence
do chaque paramatre, en los faisant varier A tour do r~lo, los autres 6tant gardds constants (voir PL.3.1).

On saintgressera au rapport d'augemntation do pousede t et au rapport d'entrainement QIIQj.
Le cas cons idgrg correspond A

Pij/Pil - 1,15 ; Tij/TiJ - I ; Nj - 0,3 ; MI - 0,1 ; I - 25

On observe d'abord quo los deux critaros d'optimisation vont dans le mime Sens pour cous lea
paramatros sauf pour la tempfrature. Si V'on augments le rapport de tempgrature, on no constate pas d'ef-
fet sensible Sur l'augmentation do poussie alors quo le raport d'entrainement subit uno grando augmenta-
tion.

Le rapport de preesion Puj/Pul qui est lid au nombre-do Mach du jet lorsque celui-ci est
* aubsonique, fsit diminuer les performances do la trompe lorsqu'il eugmente. 11 en ost do mime du nombre

de Mach Mj du jot dens le cas d'un jot subsonique, alors quo la tendance est inverse pour un jot super-
* sonique. En effet le d~bit Qj passe par un maximum pour Mj I

L'effet du Mach MI semble naturel.
L'effet do A conduit A choisir des rapports do section 6loys. Nous allons maintonant pr~son-

tor l'application quo nous ayons faito d'un injocteur on l'utilisant coon. moteur d'une soufflerie A
induction.

2.4. Optimisation thforique do l'injectour. Cas d'une soufflerie.

Constituent Is motour de Ia soufflerie, i'injoctour utilise l'Snergie stockfe dane un riservoir
* sous prossion, pour entrainor per des jots l'fcouloment principal.

Il doit compenser les pertes de charge du circuit et son optimisation eat, bien fivideanent, lide
Itroitement A ces pertee de charge. Le but recherchd est do minimiser Is ddibit d'air injectf nficessaire
A Is rdalisation d'un 6coulement donn6 dans Ia vein. d'essai, tout en y ossurant de bonnes qualitds d'dcou-
lement.

Conuiddrent le fonctionnement do Ia soufflerie T2 pour un nombre do Mach dane Is veine de l'ordre
do 0,9, Colt une porte de charge do l'ordre do 10 2,los carectfristiques retenues pour linjection sont
lee sujydntes Mj - 1,6 ; MI - 0,6 ; A (rapport des sections) - 20 A 40.
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La r~solution des 6quations de la troupe permet alors de calculer le rapport des debits Qj/Qv
en fonction de l'un des 4 paramatres prdcfdents, la 3 autres 6tant tenus constants. Les r~sultats obtenus
sont trac~a figure 3.2.

On observera l'influence essentielie du rapport des tempfiratures, t - Tij/Til ; on a clairement
int~rar A injecter de l'air chaud dans de l'air froid puisque le rapport d'entrsfnement QI/Qj augmente
trAs aensiblement avec le rapport des tempfratures, se trouvant pratiquement doublfi entre t - I
(Tij - TI - 300'K) et t - 2,5 (Tij - 120', Til - 300*) V'est bien cette propri~tg qui nous a conduit A
retenir un fonctionnement cryogfinique pour lequel l'air moteur est inject6 A tempfirature ambiante, le
refroidissesment de l'6coulement 6tant assurg ensuite par injection d'szote liquide dans le circuit.

En cc qui concerne Mj, l'effet est bien plus faible et ceci reste vrai mgme pour un rapport t de
l'ordre de 2,5. De plus, ii eat difficile d'amorqer correctement des tuy~res lorsque le nombre de Mach
de sortie est grand, si V'on ne dispose pas d'une pression de stockage 6lev~e.

Le nombra de Mach MI de l'6coulement entratn6 dolt tre choisi le plus 6lev6 possible, mais le
gain eat faible et nous sonanes limitgs par Ia technologie de l'injecteur qui bloque l'6coulement pour
MI - 0,66.

On note aussi l'importance du rapport section m~langeur-injecteur X - Sm/Sj et l'intgrit d'utiliser
un A glev6. A l'augmentstion du A correspond cependant une augmentation du Pij/Pil, donc une 9l6vation
de ia pression de stockage et des efforts aux lavres des tuy~res (figure 4). Ce rapport X eat variable
A T2, l'ensemble de l'injecteur 6tant divisg en 7 x 14 tuyares supersoniques A Mj - 1,6, qui sont ali-
mentges par groupes de 6 ou 8 tuyares ; le X minimum pour T2 eat de 20.

Lea calcula effectugs avec lea donnges actuellas de T2 (MI - 0,6, Mj - 1,6), et pour deux valeurs
de A (20 et 40), montrent l'apport de pression d'arr~t r~alis6 par i'injecteur en fonction du rapport
de debit Qj/QI (voir figure 4).

Le diagramme calculI pour X - 20 et diff~rents rapporta t indique que l'spport de pression
APi/Pi reate senaiblement constant, quel que soit le rapport de temp~rature, loraque V'on s'est fix6 le
rapport des preasions. La perte de charge du circuit variant assez peu avec is temp~rature, mas d~pen-
dant du Mach, permet en premiare analyse de dire que le nombre de Mach de la soufflerie en fonctionnement,
non bloqu6 par un col, d~pend essentiellement du rapport Pij/Pil, quelle qua soit is tempgrature.

on note aussi l'intfrkt d'avoir un X flevg,puisque pour une perte de charge donn~e, Qj/QI
d~croit loraque X sugmente.

Sur is figure 5 on areprgaentg le domaine d'utilisation pr~vu pour Is soufflerie T2 en fonction-
nement cryoggnique, pour une perte de charge estim~e de 8 %,correspondant A un nombre de Mach vaine de
0,8. On constata l'intgr~t d'avoir un A d1evg, et l'on observe que V'on peut atteindre un rapport d'en-
trainement QI/Qj sup~rieur A dix pourw Tij/Til - 2,5.

2.5. Pertes de charge liges au aystilme injecteur.

La determination de is perte de charge dana is zone de l'injecteur eat d~licate, pour ls raison
6vidente qu'il eat difficile de la dissocier de celie du circuit.

On reviendra plus loin A l'optimisation exp~rimentale de cette perte de charge ; on peut cepen-
dant faire d~jA quelques observations:

L'injection p~riph~rique eat simple A r~aliser at V'on peut facilement faire varier ls section
d'injection par le calage des deux lavres. Il existe

AP vraisemblablement un angle optimum d'injection, per-
mettant d'assurer avec un m~lange aasez rapide des
deux 6coulements une diminution des frottements sux

, parois, cec i sans trop perdre sur Ia vitease axiaie
d'entrainement des jets ( CE de 5 A 10*).
Le jet A ls paroi transforme complatement ls couche
limite venant d'ainont ; on crge au niveau de l'injec-
teur une nouvelle couche limite de tr~A faible 6pais-

CX0 seur initiale, avec un maximum de vitease qui d~craft
I_________ tra vita suivant l'abscisse, tout en s'6loignant de

1 0 Is paroi (voir figure 1).I

Pour i'injection r~partie, le melange s'effectua plus rapidement; le calcul de la perte de
charge propre aux aubages eat possible si V'on n~glige lea effeta latgraux. L'estimation de ces effets
lat~raux (effet de coin avec couches limites tridimensionnelles) eat maiheureusement pratiquement impos-
sible, en particulier dana Ie cas 6tudig idi, pour lequel lea jets se situent au bord de fuite des subs-
ges du premier coude.

II eat possible 6galement de faire varier la surface
d'injection at Is disposition des jets, Ia solution
retenue 6tant de coempartimenter l'int~rieur de cha-
que aubage. On peut agir sinsi sur le profil des
viteases apras m~lange, et attaquer Ie diffuseur
aval avec un profil de vitesse r~duisant lea risquas
de d~collement dana le diffuseur.

A - Alimentation par Ia partie centrale

~ B I B - Alimentat ion par lea parties lat~rales
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3. COtITROLE EXPERIMENTAL :CAS D'UNE SOUFFLERIE A INDUCTION.

3.1. Installations T'2 et T2.

Une petite installation, repr~sentant ll6chelle 1/4 de Ia soufflerie T2, et ayant donc une veine
de 10 x 10cU a dabord 6t6 construite, en vue d'ftudier et d'optimiser le fonctionnement de la souffle-
rie A induction et d'aboutir ainsi A Ia meilleure dlfinition de la soufflerie T2.

Cette installation pilate T'2 comporte un circuit A retour qui pout Stre pressuris6 jusqu3a 5
bars. Difflrents injecteurs :injecteurs plriphlriques, coudes injecteurs A 2 et 3 aubes y ant ftg essayfs.
On a pu y analyser conmmod~ment et systfimatiquement l'influence des diff~rents paramatres :longueur du
m~langeur, position de l'6vacuatian, glom~trie de l'injection, etc..

Plus rdceamment Ia soufflerie pilote T'2 a permis d'6tudier et d'optimiser un fonctionnement A
basse tempfirature ; le circuit a simplement 6t isol6 thermiquement par une mince couche de liage recou-
vrant tout l'intgrisur du circuit ; le refroidisasment de 1'Ecoulement eat effectug par une injection
rapide d'azote liquide dans un 616ment situ6 im~diatement spree le m~langeur.

La souffleris T12 qui repr~sente danc sensiblement 1'6chelle 1/10 du projet propos&s pour la grande
sauffleris europ~enne, a uns veins de 40 x 40 cm

2 
; un schlma en est donng figure 6.

L'injection de 1'air moteur eat faite par le bord de fuite des aubes du premier coude ; ce coude
comporte 7 aubes, dont Ia forme a 6tf particulilrement soign~e, en utilisant nataiuaent une m~thade de
calcul de grilles d'aubes et de couches limites, ayant permis daobtenir des distributions de preasion pour
lesquelles il n'y a pas de ddcollement.

Chaque sube camporte 3 son bard de fuite 14 tuy~res d'injectian A Nj - 1,6 ; chacune eat comparti-
ment~e intgrieurement de faqon A pouvoir faire varier Ia section d'injection et le rapport de sections X
(figure 7).

3.2. Optimisation du m~langeur.

C'est A partir d'essais syst~matiques effectu~s dans linstallation pilate T'2 qu'ont 6t d~termi-
n~s Is configuration at Ie choix des param~tres, A retenir pour I'injecteur de la soufflerie A induction.

Lea param~tres gln~raux (Nj, 1, Pij/Pil) ltant d~finis par lea 6quations de Ia tramps, un problame
pratiqus important reate celui du m~langeur et de son optimisation. Le choix d'une injection p~riph~rique,
ou d'une injection rdpartie, effectuge alors par ls bard de fuite des aubages du premier coude, y apparait
come essentisi.

Ceci st bien mis en 6vidence sur la figure 8, ot) Von mantre une coisparaison entre lea meilleures
performances abtenues avec une injection p~riph~rique et avec une injection par lea trois aubages du coude
(ii a'agisaait alars d'une injection sanique, Nj - 1).

Dana lea deux cas, on observe una bngueur optimale, cells pour laquells eat obtenu dana Is
veins d'eeaai is nombre de Mach is plua filev6. Ii st clair qua l'injection par lea aubages du coude eat
optimale pour une longueur de m~langeur nettement plus foible qua pour l'injection pfiriphlrique ; is
rapport de la longueur optimale A is hauteur du mglangeur eat de l'ordre de 6 pour l'injectian plriph6-
riqus, et de l'ordre de 2 pour l'injection r~partis ; c'st en fait is rapport 3 Is distance entre deux
fentes d'injection qui eat devenu Is pawaza~tre dfiterminant.

Notons qua cette diminution de is longusur du mfilangeur a certainement contribui assez sensi-
biement A un gain apprficiable sur is dibit inject6, observi dana ces expfiriences.

3.3. Effet de Is section d'injection.

L'influence de Is section d'injection a fitf fitudifie de maniA-re systdmatique a is souffierie T12,
en faisant varier Is nombre at la disposition des tuyares du coude injecteur.

Le nombre de Mach de l'Scouiement dans is veins a fitf fixg par i'amorqage contr8il d'un second
cal, rilisant un petit domains aupersoniqus A M < 1,2.

Cheque subage comprend 14 tuyares at pout itre alimentfi salt dane s partie centrals (8 tuyfres).
salt latgraleinent (3 tuyares de cheque catg).

On pout, bien entendu, rfliser plualeura configurations de jets donnant uns mhie velour de
A - Sm/Sj ; certainas configurations conduisent A un mauvais fonctionnement slirodynamique ; d'autres,
asses satisfaisantes, permettent de garder uns perte de charge quasi-constants at de contr~ler l'augmente
tation de Qv/Qj en fonction du A (voir is haut de Is figure 9).

Un optimum apparalt pour X - 29 qui correspond assi au rlgime adaptd (6galitfi entre Is pression
atatique du jet at calls de l'icoulesent entraln6).

Pour lea daux cao A - 29 at A - 20, naus avans tracd lea rapporta Qv/0j et Pij/Piv en fonction du
nombre de Mach veins. La rapport des dlbits Qv/Qj pout atteindre 8 pour X - 29, slora qu!ii eat de 7 pour
A - 20.

3.4. Effet du rapport de taspirature des jets.

L'offet de ce paramAr a fit& contrilf eimlrimsntalement A is sauffisrie T'2(veine de lXIO cS
lore d'essais cryoginiques *ans amorgage de col ; i& templrature d'arrit des jets moteure eat valalne de
Is tempgrature ambiants (Tij - 283*K ; A - 20 M j - 1,6) ; Is tompgrature glinfratrice de l'Scoulement3,
antralng '111 vanle de 283*K A 120*K grace A une injection d'anote liquids effectul. aprla Is allangeur3,
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Prgcfideument, nous aviona constatd que pour up nombre de Mach Ml donzid et un rapport Puj/Pul
fix6, l'apport de pression d'arr~t (Pim-Pil)/Pil d~pendait peu du rapport de temperature (voir figure 4).
Come. la pert. de charge totals du circuit ne Uipend principalement qua du nombre de Mach, on doit en d6-
duire que le noiabre de Mach veine reste sensiblement constant, quel qua soit le rapport Tij/Til et n'est

Lea rlaultata expfrimentaux confirment cette pridiction, come le montre Ia figure 10 pour des
easais sans col effectufis pour dciii rapport. de pression Puj/Pul et pour Piv =1,2 bar.

Si nous tragons 1e rapport des dfibits Qv/QJ pour cat ensemble d'essais, nous observons figure 10
Is ddcroiasance de ce rapport loraque Tij/Til augmente ; ceci provient essentiellement de l'augmentation
du dibit masaique dana ia veine, en raison de iaugmentation de la densitg du gaz entratnd lorsque celui-
ci eat refroidi.

Up calcul de trompe effectu6 de maniiare A racouper le cas 5 temperature embiante, rest itue
correctement cette tendance.

4. CARACTERISATION DES QUALITES DE L'ECOULEMENT.

4.0. Outre lea performances qu'an y r~alise at lea nombres de Reynolds qu'on y atteint, up aspect essen-
tial d'une soufflerie transanique maderna eat ia qualii de 1'Ecaulement dana Is vaine, dont ii canvient
de r~duire au plus faible niveau possible lea fluctuations. On s'intiresse ici apgcialement aux fluctua-
tions de Is preasion at de ia vitasse.

Les axigences relatives au projet LEIIRT ftaient de ca paint de vue trbs s~vZ~res 5; elles carras-
pandaisnt au spectre r~duit de fluctuations de pression statique pr~sent6 figure 14. Des essais systdma-
tiques d'optimisatian de is qualit6 de 1'6coulement ant dG Sinai ktre effectu~s, afin d'obtanir qua la
bruit provenant essentiellament des jets motaurs sait suffisammant faible, ceci dana une gamma de fri-
quances pouvant a'dtendre jusqu'A 40 MHz.

4.1. Techniques de meaura mises an oeuvre.

Avant d'analyaer lea r~sultats expdrimentaux abtanus, il eat utile de donner quelques pr~cisions
sur lea montages at lea capteurs utilis~s.

11r. certain nambra de difficultis exp~rimentales qui sont apparues dans ia mesure des fluctuations
de presaion,concarnant principalament lea aspects suivants:

- N~cessitg da disposer de capteurs insansibles aux vibrations.

- N~cessit6 d'avair un 6ldment de meaura de faible dimension, afin d'6viter d'intdgrer les fluc-
tuatians our une surface trap importante.

- Obtention d'une grands bande pssante (40 KHOt ; m4cessii d'une calibration en fonction de
l'angle de propagation at da ia frdquence.

6
Lea dgtails de l'fitude dtant donngs dana une publication antdrieure , on en prdsente ici lea

aspects principaux.

On a 6t6 ameng A utiliser des captaurs Kulite minis-
turiade, de 2 mm de diama-tre, monis derribre un
petit orifice (d - 0,4 mm) AIsl parai, avec un volume
minimum antre l'orifica at Is membrana du capteur.

La signal eat numdriad a une cadence N - 2,5 f ax

une transformde de Fourier rapide parmattant d'obtanir
ensuite l'finargie F par banda de frdquence Af

On utilise pour Is reprfisentation lea variables rg-
duites

n= nf H/U at n Fin)
F (n) eat ddfinie par jfF(l)dn=z 7 /Iq

(H hauteur de Is veine U vitesac q preasion dynamique dana la veine d'essai).

4.2. Analyse des fluctuations de prassion at optimisation des qualitfis de 1'6coulemelnt.

Les premidres macurea ant cm pour but de dfiterisiner lea principalee sources de bruit, at la
fagon dont ce bruit a. prapage at s'attdnue le long du circuit.

On a reprfiscntS figure 11 la variation du nivaau RMS de la fluctuation de pression en fonctian
de la position depuia ia veine at juaqu'au ilangeur (Ie niveau RMS eat relatif A una gamme de frdquence
ailant juaqu'l 40 KHz).

Cat example typiquc, mesur6 A T'2 avec une injection pfuiphdriquet montre qua la principale
* source de bruit eat fividment Ia troupe d'injection. La fluctuation de pressian qu'elle produit a'atttnue

rapidamant vea l'aval, at plus rapidanent encore vera l'amont. La bruit des jets subit un effet direc-
tionnel qui doit itre d'autant plus uarqu6 qua la vitease de l'Scoulenent eat plus importante.
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Los mesures out consist6 d'autre part A relever le niveeu moyen de fluctuation dens la vein. de
T'2 on fonction de la pression d'injection, et pour difffrentes vaeurs du rapport des sections A. Lee
risultats prisenti. figure 12 Cant relatifa A une injection pay lea aubes du coude ; la preasion totale
de l'Ecoulement dans la veins eat Pil - 1,2 bar.

Notons que 1e nombre de Mach veine augmente pour tan X donng avec Ia pression d'injection Pij. et
qu'il eat d'autant plus glevg quo X eat plus petit.

On remarque qu'une points de bruit s produit dans tous lea cas pour PiJ - 3 bare ; cette valour
critique correapond en fait A lsamorgage des tuytirea de Jets, auquel correspond un rdgime instable A
fortes fluctuations.

Loreque lee tuyares sont smorcfes, on note encore une augmentation du niveau do bruit avec Ia
pression du jet ; 1e cas A - 20 donne une fluctuation plus faibie, ceci dtant li6 probablement A une
attgnuation des andes remontantos avec l'augmentation du nombre de Mach.

La droite de ia figure 12 donne Ia variation du niveau do bruit avec le nombre de Mach ; la pointe
de bruit observfie A gauche pour X - 40 et PiJ - 3 bars apparalt A Mv - 0.4 ; pour X - 20, elle appsralt
A Mv - 0,55.

Afin de mieux caractdriser le phdnomane, une sdrie do spectres de la fluctuation de pression ont
6tS effectuia, dans lee deux configurations A - 20 at X - 40 ; on donne figure 13 lea spectres obtonus
A A - 40, pour 3 valeurs du nombre de Mach voine :0,4, 0,55 et 0,65.

on observe qu'ile prdsentent a priori uno mame allure ggrale. A savoir unaximum A basso fr6-
quence, suivi d'un plateau qui so termine par Is coupure lide aua filtre.

Cependant, une points de bruit A haute frdquence vient Ce superposor trias nettoment A Mv - 0,4,
c'est-A-dire A Pij - 3 bars, mattant sinai clairement an 6vidence l'inetabilitg lide A l'amor~age des
tuydres de Jets.

Des analyses expdrimentales systdmaciques de Is fluctuation do pression ont 6galement Sti effoc-
tuges pour 1'Ecoulement dana la soufflerie T2, compldtdes par Is mesure des fluctuations de la pression
totala, de Is direction de l'gcoulemant, at des composantos ua' et v' do Is fluctuation de Is vitesse.

Lea spectres do is fluctuation do pression. correspondent A diffdrontes configurations et prg-
sentis figure 14, appellont les coasmentaires suivants

Lea spectres obtanus A trois nombres de Mach pour un rapport do section A - 20, at sans amor~Sge
d'un col sonique en sortie do veine, sont donnia d'abord on haut do Is figure 14.

On y voit nattemont deux rdgions A fluctuations de preasion 6lavge

- A haute frdquence (n > 1 ; f > 500 Hz), l'sugmentation du nivoau do Is fluctuation eat clss-
aique. et provient du bruit engendrf! par lea couches limites turbulentes des parois

-2- A basso frdquenco (n < 4.10 ; f < 20 Hz), apparsit de plus uno augmentation importante du
nivoau de is fluctuation do pression:

Deux moyens ont alors 6t6 mis en oeuvre succoasivement, pour rdduire ce bruit A basso frdquence.

Dena une premilre opgrstion, Is veino a 6t6 6quipdo d'un col aval, soigneusement 6tudig pour
amorcar un 6coulemant modgriment supersoniquo, n'augmentant quo faiblomont ls pert. de charge, tout en
interdisant sux ondes acoustiques en provenance do l'injoction de so propager jusqu'! is veine d'essai.
Le rdsultat obtenu eat d9JA assez: spectaculsire, lea courbes du milieu de ls figure 14 montrant quo is
"bosse" A basse friquence so trouve rdduite do moitif!. On notera quo la niveau A haute frdquence n'est
pas modifi6, caci confirmant qu'il a'agit 9 haute frfiquence du bruit do couche limite.

Dana uno seconde opgration, conservant le second col, on a 'Oat attachg A amdliorer le fonction-
noment de l'injocteur du point do vue des fluctuations de preasion qu'il produit. Il eat appara quo le
rapport des sections A itait un paramatre essentiol. Un rapport A - 29, qui permet do rdduire encore de
moitig le bruit A basso frdquence, a finalemont fitg retenu. 11 roprdsente on fin do compto un compromis
satisfeisant, pormettant d'obtenir une performance filevie aec de faibles fluctuations do preasion;
celles-ci demeurent en fait pratiquement comprises dans is zone ombrae qui correspond aux apdcifications
6noncfies pour le projet de grande soufflerie europienne.

La figure 15 donne finaloment, en fonction du nombre do Mach veine, is composante longitudinslo
do la fluctuation do is vitease, mesurde au fil chaud dens is chambre do tranquillisation et Cu film chaud
dana ls veine d'essai. On voit quo lea amdliorations spportfies aux fluctuations de pression,ont permia
d'obtenir tan taux de turbulence infdrieur A 1% dana Is chambre de tranquillisation. Le rapport do contrac-
tion conduit alors A tan teux de turbulence do l'ordre du milliame dane ls veine d'esaai.
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SUMMARY

Ejectors are examined from the point of view of introducing a time dependency into the flow to in-
crease the mixing rate and hence improve the performance of very short devices. Some past studies of
unsteady flows related to ejectors are reviewed and a device proposed which has the potential of increasing
the mixing by means of both an unsteady flow and also an acoustic interaction between the frequencies
generated by the jet and the ejector shroud. Standing acoustic waves are identified in the ejector and,
even for a nozzle geometry which is not optimized, the short unsteady ejector performance is superior to
that of a slot jet geometry.

1. INTRODUCTION

The use of unsteady flow to enhance ejector performance has been pursued by various investigators
operating from different points of view. Much of the effort has centered on creating a time dependent
primary flow to the secondary flow by normal (pressure) forces rather than tangential (shear) forces.
Such a transfer would be more efficient and could be accomplished in a shorter streamwise distance. A
secondary objective, still of interest even if the primary objective is not attained, is to increase the
mixing rate of the primary jet so that relatively complete mixing is accomplished in a short streamwise
distance. The advantage of complete mixing has been described by Quinn,' Bevilaqua2 and others. The
mixing increase must be achieved, however, without an exorbitant increase in primary nozzle losses. A
comprehensive review of ejectors has recently been completed by Porter and Squyers.3

The objective of the present paper is to outline briefly some of the past efforts in unsteady ejectors
and to highlight some current work on unsteady ejector components.

2. SOME PAST UNSTEADY EXPERIMENTS

An early experiment on unsteady ejectors was performed by Lockwood4 employing a pulsejet combustor
similar to those used in German aircraft in the mid 1940's. The pulse consisted of a slug of air which
passed through the ejector shroud in the manner of a piston. An analysis of such a system where the pri-
mary flow (when it is on) completely fills the ejector shroud has been performed by Johnson and Yang5 by
the method of characteristics. These results are in reasonable agreement with the results of an accom-
panying experiment and suggest the existence of an optimum frequency.

Although the concept of filling the ejector completely with a slug of fluid is enticing, it is not
entirely suitable for higher area ratio ejectors. For such cases, Foa6 proposed a rotary primary jet
where the components of the rotating nozzle were pictured to act like vanes of an impeller. The rotary jet
has been analyzed by Hohenemser and Porter 7 and further tested for application by Maise.8

Various investigators have examined different ways of generating a time dependency in the primary
nozzle flow. McCormack, Cochran and Crane9 vibrated the jet nozzle in a transverse direction. Binder and
Favre-MarinetI ° employed a rotating butterfly valve upstream to generate a pulsing flow at the exit of an
axisymmetric nozzle. Flow visualization studies by Curtet and Girard"1 verified this structure and showed
that the pulsating flow resulted in a series of vortex rings. This pulsating jet was subsequently applied
in an ejector configuration12 and indicated an improvement in thrust augmentation, especially for short
ejectors. Unfortunately, the thrust augmentation in this case was defined as the Ejector Thrust/Nozzle
Thrust with a fixed total pressure. This definition does not take into account the nozzle thrust efficiency
nor any changes in primary mass flow between the two conditions.

A fluidically controlled rectangular nozzle which produces a flapping jet was developed by Viets 13 and
exhibited a rapid half width growth. The advantages of the fluidic control are the lack of moving parts
and fluid control lines. Detailed investigations of this jet"4,"5 showed strong vortex interactions leading
to the mixing improvements. Vortex growth in driven unsteady jets at low Reynolds Numbers has been shown
by Rockwell.'6 Another nozzle employing a fluidic instability was developed by Hill and Green 17 and consists
of a rapid expansion section in a round duct.

Simmons, Platzer and Smith18 have examined the unsteady jet flowfield produced by an angular oscilla-
tion of the jet nozzle itself and have recently studied a jet driven by an embedded oscillating vane.19

In addition to the emphasis on the primary jet itself, some recent effort has been directed at the
control of wall boundary layers by unsteady stimulation2O, 2I which has application to the ejector problem.
Again the aim is to create vortex structures to improve mixing and energize the lower part of the boundary
layer.

3. ACOUSTIC EFFECTS

Most of the unsteady primary nozzles described above have considered the performance advantage of such
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nozzles to be basically due to the improved mixing rate thereby produced. This is valid providing the
thrust efficiencies of the unsteady nozzles are high enough to make them competitive with nozzles such as
the hypermixing type. 1 2 If the thrust efficiencies are not sufficiently high, the loss in the primary
nozzle cannot be overcome by a viscous mixing improvement. There is, however, an alternate phenomenon
which can be employed to improve the mixing by transferring the energy through normal (pressure) forces
rather than tangential (viscous) forces as discussed in Section 1. The mixing can be accomplished by an
acoustic interaction between the primary jet and the ejector shroud, as demonstrated by Quinn. 22 His
configuration consisted of an axisymmetric duct and a choked primary jet, which produces a strong screech
tone as shown by Powell

23 and recently studied by Krothapall;, Baganoff, Hsia and Karamcheti.
24

The acoustic interaction is most effective when the acoustic frequency available from the primary jet
is well matched with the fundamental natural modes in the duct shroud. As demonstrated by Viets, Campbell
and Korkan,25 a substantial difference in frequency between the jet and the fundamental modes greatly
reduces the acoustic effect and the resultant mixing improvement. For a rectangular ejector with a
rectangular primary nozzle, matching the acoustic frequencies becomes a problem if one simultaneously
desires a reasonable high secondary to primary flow area ratio on the order of 20 - 30. In addition, for
jet flows of less than unit mach number at the exit, there is no distinct frequency generated but rather
a broad band noise. Therefore, under conditions of an unchoked primary jet or a choked primary in con-
junction with a larger ejector area ratio, an alternate acoustic generator is required if an acoustic
interaction is to be provoked.

One possibility for use as an unsteady primary jet under these conditions is the "whistler nozzle"
described in Reference 17, since it can operate at subsonic mach numbers. The acoustic feedback fluidic
jet 13 is also a possibility if sufficiently high frequency can be generated. A rotor jet based on the
mechanical devices described in Refs. 20 and 21 is also a possible choice for a primary and offers the
additional advantage of allowing a number of primary nozzles to have not only the same frequency but also
a fixed phase relationship and is currently being studied. This is also true of a modified version of the
acoustic feedback jet nozzle 1 3 described in Ref. 26 as a gust tunnel application.

4. A SUBSONIC ACOUSTIC GENERATOR

Still another nozzle which offers the required acoustic properties at subsonic exit velocities was
originally developed as a two phase injector,27 operating with a liquid primary into a gaseous secondary.
The nozzle has the advantage of no moving parts and hence high reliability. Operating in a single phase
condition in air, the nozzle produces distinct frequencies which can be tuned both by changes in the
nozzle geometry and by the operating conditions. The nozzle schematic is shown in Figure 1. The nozzle
operation simply requires that the jet attach to one wall within the nozzle body. Then part of the jet is
scooped off, fed back and impressed on the jet flow just downstream of the contraction. This causes the
jet to attach to the opposite wall and the process begins anew. The strongly unsteady quasi-sinusoidal
flowfield is clear in Figure 2 which illustrates the two phase operation of water flow into air.

The remainder of this paper will consider the flowfield generated by this nozzle and its acoustic
interaction with the ejector shroud. If the acoustic interaction is substantial, then the nozzle can be
optimized in terms of scale, frequency and spreading rate relative to a particular ejector shroud geometry.

The acoustic interactions observed by Quinn 22 ,28 were attributed to standing transverse waves in the
ejector shroud due to a tuning of the screech tones produced by the choked jet to the transverse dimension.
This interaction probably causes the jet itself to oscillate. In the present case, the jet is driven
unsteady even without an acoustic interaction. Thus the effect of the acoustics on the jet may be rather
small.

5. FREE JET ACOUSTICS

Three unsteady jets and one slot jet were investigated in this program. Two of the unsteady nozzle
designs are shown in Figure 3. The primary difference between the two designs is the length of the feed-
back loop. The different designs lead to a frequency difference of roughly a factor of three at nozzle
stagnation pressure ratios of about 1.15 based on ambient pressure. Nozzle 3 is essentially the same
design as Nozzle 2 except for a somewhat shorter feedback loop which increases the frequency by about 20%.

In order to correlate the flow inside the oscillating jet with the acoustic structure outside, hot
wire measurements within the jet were compared with pressure transducer measurements and microphone
measurements taken outside the jet. A Flow Corp. (now Datametrics) Model 900 constant temperature hot
wire anemometer was employed inside the jet and an Endevco Model 8506-2 high frequency response pressure
transducer as well as a B&K Model 4136 microphone and amplifier system were employed outside the jet. The
output from each of the systems was input to a Hewlett-Packard Model 3582A spectrum analyzer which yields
the magnitude as a function of frequency. Thus the dominant frequencies present in any signal could be
easily determined. A typical spectral output for Nozzle #2 at a stagnation pressure ratio of 1.17 is
shown in Figure 4 as determined with the Endevco pressure transducers.

The two lowest frequency modes present in the flowfield of Nozzle #2 are compared in Figure 5 as they
are determined both in the Jet (hot wire) and out of the jet (microphone and pressure transducer). The
apparent frequency steps in the hot wire case are only caused by the finite bandwidth employed by the
spectrum analyzer. The conditions inside and outside the jet flow clearly indicate the same frequency
content. The pressure is non-dimensionalized with the ambient pressure while the frequency is reduced to
a Strouhal number form by V/D (exit velocity/exit dimension).

The dominant frequencies outside the jet flow are compared in Figure 6 for the microphone and pressure
transducer results. In each case the instrument is located in the exit plane of the jet and at a distance
equal to half the major dimension of the ejector shroud (in other words, located at the same position as
the shroud wall, when the shroud is mounted.)
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Each of the frequency modes A-G can be identified and explained. Mode A is the driving mode of the
jet oscillation. Mode B is the second harmonic, being double the frequency of Mode A. Mode C is very weak.
In same af the spectra it hardly appears. The fourth harmonic is Mode E, while Modes F and G are again
only multiples of Modes E and F respectively. The intermediate Mode D can be explained based on the nozzle
scale. The nozzle is 5 cm deep and the duct mode based on this dimension and a speed of sound of 335 m/sec
results in 3311 Hz, which is the Mode 0. Since the Mode D, based on the nozzle scale is so close to Mode
C, the third harmonic of the driving motion, the energy from Mode C appears to be contributing to Mode D
and thereby reducing its own amplitude.

The frequency of Nozzle #3 is increased over that of Nozzle #2 as shown by Figure 7. The first
harmonic exists at approximately 1300 Hz or a Strouhal number of .059. At higher pressures, the second
harmonic clearly exists at approximately 2600 Hz (i.e. curve B) and the third harmonic at curve D. The
intermediate mode, curve C is caused by the duct mode based on the depth of the rectangular nozzle, 5.08 cm.
as was the case in Nozzle #2.

As the pressure is lowered, the frequency of Mode B rises while the frequenry of the duct Mode C
decreases. The two modes coalesce by P = 1.08. At higher pressures a third harnonic (Mode D) is evident
but weak, while at lower pressures a higher frequency value appears. The fourth harmonic exists at low
pressures while at higher values Mode E appears to be the multiple of the average of Modes a & C.

6. FREE JET FLOWFIELDS

As might be expected based on previous flapping free jet experiments (Refs. 13, 15, 18 & 27), the
unsteady jet mixes more rapidly with the ambient fluid than jets without a time dependent driver. The
centerline velocity decay and the half width growth of Nozzles 1 & 2 are shown in Figures 8 and 9 respec-
tively and are compared to the two dimensional slot jet value. Based on the velocity decay, Figure 8,
there appears to be a small frequency dependence showing improved mixing (decay) as the frequency decreases.
This result is opposed to that of Reference 19 which found a mixing improvement with frequency.

The two apparently conflicting results can fit into a coherent picture of the vortex growth in the
unsteaoy jet. As clearly shown by Brown2 9 and others, a forced unsteady jet leads to large vortex for-
mations. For the case of the flapping jet, these vortices have been found by both flow visualization and
by conditioned sampling with a hot wire anemometer.'5 For low frequencies, these vortices would be
widely spaced and weak and exert little influence on the entrainment. Under these conditions, an increase
in frequency would improve the mixing properties. On the other hand, at higher frequencies there is little
to be gained by having the vortices even more closely spaced.

The effect of vortex growth may also be seen in the half width growth results of Figure 9. For each
frequency, there appears to be a plateau or leveling of the half width growth at a different streamwise
location. The most obvious case is the frequency of 980 Hz and occurs at approximately 13 nozzle width
downstream. For higher frequencies, this occurs progressively farther downstream and for f = 3500 Hz
the plateau is twice as far downstream as for 980 Hz. Apparently the near field entrainment depends upon
the frequency. Brown has observed that the vortices entrain in the near field hut do not entrain external
fluid farther downstream. Thus the plateaus may reflect the end of the near field entrainment caused by
the vortex structure.

7. DUCT ACOUSTICS

A rectangular duct was chosen as the ejector shroud as shown in the schematic of Figure 10. The
inside dimensions of the duct are 5.1 cm by 17.8 cm. The duct length was varied during the experiment.
The longer transverse dimension of the duct was chosen to achieve resonance with a driving frequency of
approximately 1000 Hz.

As described by Succi, et al. 30 and employed by Viets et al., 25 the frequencies of the modes corres-
ponding to resonant transverse waves are relatea to the speed of sound C. and the duct dimensions b and d
by

C
F mn J (m/b)2 + (n/d)2'"m,n 2

where m and n are integer values.

If the speed of sound is assumed to be 335 m/sec (1100 ft/sec), then the frequencies corresponding to
some particular resonant modes are shown below for duct dimensions 5.1 cm by 17.8 cm.

m n F(Hz)

1 0 946
2 0 1887
3 0 2833
0 1 3289
0 2 6578
1 1 3422
2 1 3791

It should be noted that these values do not take into account the flow in the duct nor any real fluid
or real wall effects. Actual resonant frequencies are expected to approximate these values but are not
precisely equal to them.
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In order to test the duct acoustics, white noise (produced by a General Radio Type 1390 A Random Noise
Generator) was introduced at the duct inlet and the resulting acoustic levels measured at the exit plane of
the duct (located at L/D = 6.1). A typical spectrum of the acoustic output on the duct exit centerline is
shown in Figure Ila. The clearly defined peaks indicate a response of the duct to those frequencies. Cali-
bration of the level of the white noise source shows that the peaks between 150 and 400 Hz are exaggerated
out of proportion due to the fact that the input levels are high. The lowest transverse resonant frequency
was shown to be approximately 946 Hz. The peaks between 400 Hz and the lowest transverse frequency are
attributed to the organ pipe modes described by Morse and Ingard, 31 which have a lowest mode of 150 Hz
(for this length).

If the acoustic measurements are taken off the duct centerline, even to the point of reaching the far
wall location, the peaks between 400 and 900 Hz are not greatly affected as seen in Fig. llb. This is
consistant with their dependence on the duct length. However, the modes near the 1000 Hz transverse reso-
nance value do vary with transverse position as might be expected.

To test the longitudinal modes, the end of the duct is filled with sound absorbing foam which should
eliminate the organ pipe mode by not allowing reflections of the waves. That this is accomplished is seen
in Figure llc (with the microphone inserted through the foam) especially in comparison with Figure Ila. It
is interesting that there remains a small peak at 990 Hz (remember that the apparent low frequency modes
are caused by the input signal.

8. TRANSVERSE WAVES

The overall objective of the oscillatory duct flow is to examine the transverse wave structure to see
if such waves are actually generated. High frequency response Endevco transducers are mounted in the duct
walls at a streamwise position equal to two duct dimensions (35.6 cm). The output signals are fed to a
Hewlett-Packard Model 3582A Spectrum Analyzer which decomposes the signal into its frequency components.

(a) Resonance in a long duct, X/D = 6.1, Nozzle #2

The variation of each component magnitude across the duct is shown in Figure 12 for Nozzle #2,
having a lowest harmonic frequency approximately equal to the anticipated transverse resonant duct
frequency. The first harmonic, 1060 Hz, produces a standing wave of a half wavelength with a node
at the center. The second harmonic yields an entire wave with two node points. The third and fourth
harmonics are very consistant with 1 1/2 and two waves respectively.

The same procedure applied across the short side of the rectangular duct yields the result of
Figure 13 which clearly shows that the standing wave structure is not a function of that direction.

Taking the same pressure measurements at an upstream position, X = .28 (near the ejector inlet),
and decomposing the signals into their frequency components results in Figures 14 and 15. The
structure of the first, second and fourth modes are similar to the downstream structure (Figures 12
and 13) except for several data points near the center of the duct. This discrepancy is caused by the
primary jet, which has a high velocity at that streamwise location and interferes with the pressure
measurement. An additional discrepency between the upstream and downstream modes is shown in the two
third (3200 Hz) modes. The problem is resolved by the fact that 3200 Hz is the transverse duct mode
corresponding to the nozzle depth as was discussed in relation to the free jet modes, Figures 6 and 7.

(b) Resonance in long duct, X/D = 6.1, Nozzle #1

The spectra developed by the pressure traverse of the duct at S/D = 2 downstr-am exhibit a strong
peak at the primary frequency of Nozzle #1, 3300 Hz, as shown in Figure 16. Based on the results of
Figure 12, a waveform of 1 1/2 waves is expected at the 3300 Hz frequency. However, only a full wave
is found. There may be an effect due to the nozzle duct frequency which is almost equal.

The next substantial wave structure, at 7800 Hz, shows no definite pattern. However, if the
resonant frequency of the longer transverse dimension of the duct is 1060 Hz (from Figure 12), a corres-
ponding resonance in the short duct dimension is 3700 Hz. The 7800 Hz frequency is roughly double that
value, so one might expect a waveform similar to that of the 2120 Hz case in Figure 12, but in the
short dimension. That is indeed a possible waveform as seen in Figure 17.

At frequencies of 10,300 and 15,500 Hz, higher order mode shapes are possible. The former could,
for example, correspond to the mode M = 5, n = 2 while the latter may correspond to M > 5, n = 2. Of
course as the order of the modes increases, it is more difficult to determine the precise modes since
the spectrum becomes very crowded with possible modes. From the point of view of the unsteady ejector,
the higher order modes are really of less interest because they are expected to contain less energy.

(c) Resonance in long duct X/D = 6.1, Nozzle #3

The lowest dominant frequency for this nozzle, 1300 Hz, effectively produces resonance in the
duct according to Figure 18 and verified by the uniform magnitude in the other direction, Figure 19.

The next appreciable wave is at 4640 Hz and is not a harmonic of the first mode but is related to
both durt dimensions. From Figures 18 and 19, M = 2 and n = I. The calculated frequency for this mode
structure is 3791 Hz, which is, of course, for the zero flow condition.

The 6000 Hz case does not indicate a clear wave shape. It is a mixed mode depending on both
transverse dimensions and is almost a combination of the lower frequencies. It may be a result of an
oscillation among several modes which exist near this frequency. Additional minor mode peaks exist at
higher frequencies and there it becomes increasingly difficult to distinguish between modes.
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Thus, when the forced ostillation is near the resonant frequency, it achieves a manner of reso-
nance which is not as strong as it would be if the frequency were better matched. It does, however.
produce similar pressure waves.

(d) Resonance in shorter ducts

The standinn waves described above appear even for very short ejector shrouds. The transverse
waves in an ejector of length equal to its major width, i.e. L/D = 1, are shown in Figure 20 driven
by nozzle 02. The mode structure is essentially the same as in Figure 12 and shows the same primary
nozzle interference as in Figure 14.

9. MASS AUGMENTATION

In order tt examine the overall performance of the ejector, the mass augmentation of the device was
determined by integrating the exit velocity profiles and dividing by the primary mass flow as determined
by the venturi measurement. The mass flow ratios are shown in Figure 21 as a function of ejector length
for the slot nozzle and three different oscillating nozzles. The actual levels of mass augmentation are
not significant because the nozzles have not been optimized in terms of thrust efficiency and spreading
rate relative to the duct size.

The trends in mass flow ratio show that for a long ejector the use of unsteady flow in general and
acoustic interaction in particular is not warranted. The loss in nozzle thrust efficiency suffered by the
unsteady jets has overpowered any mixing and acoustic advantages. However, for shorter ejectors, the
performance does not deteriorate as rapidly with length for the oscillating jets as compared to the slot
jet. It is for these very short ejectors that the unsteady effects discussed here are expected to be of
significance.

The monotonic decrease in performance with decreasing length is only interrupted at a length of 2.1
shroud widths. This position will be examined in greater detail but the preliminary indications are that
there is no strong streamwise organ type of resonance. That is, there is a coherent streamwise wave but
it is not greater in magnitude than the wave which exists for a duct length of L/D = 3.

10. CONCLUSIONS

Unsteady ejectors dearly exhibit some performance advantages which make them attractive for very
short duct geometries. The basic problems are to design the primary nozzles with small losses in thrust
efficiency while retaining high reliability.

In terms of the driven acoustic interaction experiment, the results are encouraging. Standing trans-
verse waves can be created in the ejector duct with a subsonic primary jet. The performance of such a
device remains to be optimized. In particular, the design of the nozzle geometry must take into account
not only the matching of the duct geometry to the frequency but also simultaneously matching the spreading
rate to the duct geometry. In order to accomplish this result, preliminary nozzle experiments are required
to determine the frequencies and spreading rates of a number of various designs. From these a design can
be chosen which satisfies both the acoustic and mixing requirements.
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Figure 2. Two phase operation of Nozzle 1, water flow into
air.
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SUMMARY

The influence of pulsating or flapping motions forced on the primary jet on the performance of thrust
augmenting ejectors has been investigated experimentally. The effect of the frequency and the amplitude of
the forced perturbations was determined for various mixing duct lengths and diffusor geometries. Themixing
duct to jet area ratios were 9 and 20 in the pulsating and flapping case respectively.

In constant area ejectors the improvement in thrust augmentation# over the performance obtained
with a steady jet in the same geometry increases with decreasing duct length. Thus, with a total length of
only ONE duct width *= 1.2 could be obtained with unsteady jets whereas = I in the steady case. was
further improved by the gain in diffusor pressure recovery produced by the unsteady jets. Maximum augmen-
tations of 1.9 and 1.65 were obtained with pulsating and flapping jets respectively as compared to 1.35
and 1.5 in the steady case.

These improvements in ejector performance are mainly due to the faster mixing produced by these jets.

NOMENCLATURE

= / . flapping angle
a i pulsating amplitude
Cp= pb/Pj blowing pressure ratio (Fig.2)

D diameter or width
e diffusor effectiveness
f frequency
L length
p pressure
R radius
Re Reynolds number
S area A-
St= Ijf Strouhal number

T thrust
u velocity fluctuationVvelocity T

angular deflection of jet
thrust augmentation ratio

density

overall efficiency

¢e ratio of total to primary mass flow rate

TE/TJ
Subscripts

j jet
ja jet discharging into ambiant
M mixing duct
d diffusor
E ejector
t total

mixing duct entrance

Superscript

( ) space-time average



1. INTRODUCTION

Reduction in take-off and landina distances of aircraft requires larger thrust to weight ratio in
order to increase respectively acceleration and deceleration during these stages of flight. Since ejectors
are simple and rugged devices which permit to augment the thrust produced by a given power plant, espe-
cially at low forward speed, their application to V/STOL is very appealing. Unfortunately thrust
augmenting ejectors tend to be cumbersome which is a major handicap for aeronautical applications. There
is, however, no inherrent theoretical impossibility which precludes reduction in size or better perfor-
mance or even both together. The search for such improvements has motivated a number of investigations
and in particular the present work.

Ejectors are also quite interesting from a basic point of view because of the essential role played
by turbulent mixing and entrainment. In the ideal case of uniform velocity distributions in the primary,
secondary and exit streams the thrust augmentation jb may simply be expressed in terms of the mass flow
ratio Wx and the energy efficiency 1. by 6. -,,

(4f-q.) is the percentage of kinetic energy dissipated into heat in the apparatus. The thrust augmenta-
tion , is defined here as the ratio of the total thrust of the ejector aiviueu by the thrust of the jet
discharging into the atmosphere, the generating pressure head of the jet being kept constant.This relation-
ship although only qualitatively correct underscores the necessity to maximize the entrainment and to
minimize the dissipation in order to produce better thrust augmentation. How these mechanisms can both be
affected in the desired direction by manipulating the turbulence is by any meansa trivial question. Neither
do we know the answer to the question : what is the optimal entrainment-dissipation within certain size
restrictions ? Moreover, at the present time there exists no theory either which could provide reliable
guidance towards this goal.

In the work presented here, we have attempted to manipulate the turbulence by forcing time-dependent
perturbations on the main jet and we have explored the effects on thrust augmentation.

2. THE DOUBLE ROLE OF MIXING RATE ON THRUST AUGMENTATION

In ejectors composed of a constant area mixing chamber followed by a diffusor the mixing ratebetween
the primary jet and the secondary stream plays an essential role in both ducts. The secondary flow is
sucked into the ejector because of the depression in the entrance section. The flow rate of the secondary
stream ( Yl- 1) and therefore the thrust augmentation q5 depend also directly upon this depression which
results from the turbulent mixing in the constant area duct and from the pressure recovery in the diffusor.

The integrated momentum equation shows that in the constant area duct the downstream pressure-rise
and the wall friction force are balanced by the momentum loss. Such a loss at constant mass flow can
only result from the diminishing non-uniformity of the transverse velocity profile also from the turbulent
mixing of the jet. As the jet spreads further into the secondary stream with distance downstream the
profile becomes more uniform and the friction force increases. After the jet has spread to the duct wall
the gain in profile uniformity is slower and smaller and the momentum loss is not even sufficient to
compensate the increase of the friction force. This occurs for a length of approximately 5 Dm for a
steady core jet (Fig. 1). For a constant area ejector driven by such a jet the maximum depression at the
inlet and, therefore, the maximum thrust augmentation is consequently obtained for a duct length of about
5 Dm. This optimal length can be reduced if the mixing rate can be enhanced and simultaneously 9f may be
slightly improved due to a smaller value of the friction force.

It may be useful to recall some quantitative results of constant area ejectors. The largest possible
thrust augmentation given by one diensionel calculations is 0 = 2 for an infinitly large area ratio if
there is perfect mixing and no friction. For an area ratio of A = 10 the calculated value is 95= 1.47
and measured values are between 1.3 and 1.4 (1).

The general purpose of a diffusor is to produce a pressure rise as efficiently as possible. If a
diffusor is fixed behind the mixing duct of an ejector its pressure recovery is added to the depression
generated by the mixing. Y and qbare therefore increased. The gain is even more important than the one
resulting from the simple addition of the separate pressure recoveries because there is also less dissipa-
tion due to the smaller velocity difference between the primary and secondary streams. Contrary to the
result for the constant area ejector, there is no upper limit for the computed value of 0 for an ejector
with diffusor provided the diffusor effectiveness e - ratio of the actual to the ideal pressure recovery -
remains high at lrge values of the diffusor outlet to inlet area ratio. The beneficial effect of the
diffuser on <# fails off rapidly to zero as e decreases from 1 to 0.5. For instance for an ejector
with an overall area ratio of 10 #drops from 2.38 to 1.88 to 1.47 (value for the constant area ejector)
when e decreases from 0.95 to 0.90 to 0.5. Very high values of9b , say (P > 2, can therefore only
be produced with excellent diffusors.

A necessary condition for high diffusor effectiveness is the absence of separation. Diffusor stall is
very sensitive to the shape of entrance velocity profile especially to low velocities near the wall. But
this is precisely what occurs in an ejector with a core jet when the flow at the end of the constant area
duct is not complelely mixed. Thorough mixinq between the primary and secondary stream is, therefore, also
crucial for good diffusor performance.

Diffusor effectiveness incorporates not only effects of kinetre energy dissipation but also of velocity
non-uniformities. High effectiveness requires furthermore a high degree of uniformity in the exit velocity
profile. The figures quoted above indicate that such uniformity should be realized and not only unseparated
flow if thrust augmentations larger than two are pursued. However, a positive pressure gradient acts in
the opposite sens since it accentuates velocity differences. In order to maintain good homogeneity of the
velocity in the diffusor against the action of the pressure gradient turbulent mixing must be maintained
therein. It has recently been demonstrated (2) that free stream turbulence of a minimum scale at~d intensity
improves diffusor performance. One way to maintain active turbulent mixing in the case of the diffusor is
to have an entrance profile with sufficiently steep gradients to sustain intense turbulence production.
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But with a central jet this would mean low velocities near the wall and therefore separation. Theavoidance
of separation and the production of persistant mixing in the ejector diffusor lead also to conflicting
requirements.

The recognition that mixing plays a crucial role in ejector performance has lead several investigators
to manipulate the turbulence in order to enhance the mixing rate. This has effectively been tried by use
of multiple jets (3) , swirl (4) , hypermixing nozzles (5) or a combination of these in particular
multiple hypermixing nozzles (6). BERTIN (7) and FOA (8) pointed out that turbulent entrainment is
inherently a very dissipative process and attempted to produce entrainment by normal pressure forces
rather than by the turbulent shear-stress, the former by compression waves and the latter by swirling
fluid sheets ("vaneless turbopump"). The first idea is, of course, only applicable in high speed compressi-
ble flow. The second one seems to suffer from the large turbulent production produced by swirl.

The objective of the present research was to investigate the effect on thrust augmentation of
unsteadiness forced on the jet such as pulsations or flapping. The investigation of free pulsating or
flapping jets undertaken simultaneously in our laboratory showed that they spread faster than steady jets
(9, 10, 11). A beneficial effects of unsteadiness on ejector performance could thus be expected. Since
quantitative predictions of such turbulent flows are presently beyond reach the extend of these effects
could only be ascertained experimentally.

3. APPARATUS. FLOW CHARACTERISTICS. EXPERIMENTAL PROCEDURE

3.1 Flow Loop.

The jets were generated with the following set-up :

- an inlet caisson with dust filtres and cooling radiators designed to maintain the jet temperature equal
to ambiant temperature to ± O.50 C. The purpose of these provisions was to facilitate the measurement
with hot wire anemometers.

- a centrifugal blower giving 0.5 m 3 discharge with a head of 80 mm of water

- control valves

- a settling caisson (cross-section 60 x 60 cm) with grids and a honey comb to produce uniform flow

- a terminal contraction.

3.2 Ejectors.

The geometric characteristics of the jets and ejectors tested are summarized on Fig. 1.

3.3 Pulsating jet.

A pulsating jet may be defined by a velocity at the nozzle exit having a fixed direction and a modulus
varying periodically in time. Such a jet was generated by a butterfly valve inserted between the caisson
and the nozzle. There is a 4 : I contraction between the caisson and the pulsator and between the pulsator
(dia. 160 mm) and the terminal nozzle (dia. 80 mm). This valve is driven by a variable speed motor which
imposes the frequency.

Typical flow conditions were: V. D.

jet mean velocity : 5 4V. 4 20 m/s Reynolds number : Re = .10

3 V
jet pulsations

r.m.s. relative amplitude : a = t •  60f

frequency : 104f 450 hz Strouhal number : St - : 0 4St 4 0.6
V.

St = 0 evidently corresponds to the steady jet.

3.4 Flapping jet.

A flapping jet is characterized by an exit velocity V. having a constant modulus and a direction

varying periodically about the rean flowdirection Ox. If A is the angle between V. and Ox, then for
instance : e= A sin(2 ir ft We call the amplitude A the flapping angle.

The flapping motion is._produced by making use of the COANDA effect as in fluidic switching amplifiers.
Essential in the design of A"ozzle (Fig. 2) are the two cylindrical surfaces to which the jet may attach
producing thus an angular deflection. If the radius of curvature of these surfaces is approximatly equal
to the width of the jet it may be blown off from the surface to which it is attached by a small control
jet. Since the main jet cannot stay in the middle it flips over to the other surface. The same process
repeated alternatively on each cylinder produces the flapping. Alternate periodic blowing is generated
with a cylindrical double valve (Fig. 2) in which one port is open while the other one is blocked. This
valve is driven by a variable speed motor. The flapping angle A increases with the ratio Cp - pb/Pj .

The influence of various geometrical and dynamical parameters on the flapping angle is described in (12).

Typical flow conditions are

jet mean velocity Vj 1 23 m/s Reynolds number Re o 1.6.104
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flapping motion
optimum blowing pressure 1 f C p 2 optimum frequency f =r 20 hz, St =O -2

angle 4 4A480 blowing discharge/main jet discharge 4 to 8 %

3.5 Measurements of thrust augmentation

Thrust augmentation is defined as

= total thrust Tt (1)
(thrust of etae -= T

The index a specifying that the jet exhausts into the ambiant air. This may also be written

= (thrust on ejector) + (thrust of jet)= TE + T (2)
(thrust of jet)a T(2

Now:Tja Sj V2 and T.= Sj ( 2 + i)
Now Tja=i

pl being the pressure in the ejector inlet section,-,
and Vja +I V 2  since : + -=0 (3)

2 e 2 2 2

40may,therefore, be written in the form

+~ 1 (n + 1 )V 2 7

where = TE/Tj . This relationship shows clearly the contribution of the thrust exerted on the ejector2

to the thrust increase (qt- 1). Since V ja , and even V, < VjaA 0 in most practical situations - this

was the case in all the present experiments - it is seen that the dominant contribution to ( 0 - 1) comes
from the force exerted on the ejector. The second term in (4) is only a correction to r - at most equal
to r/4 - due to the increase in mass flow of the primary jet.

This relationship was also useful in the present work because it shows that 9& may be entirely
determined from the measurement of the thrust on the ejector and the velocities of the jet blowing into
the mixing duct Vji and of the secondary stream V, according to equations (3). No measurements are also

needed of the jet discharging into the ambiant atmosphere. This proved especially convenient with the
pulsating jet because it would have been difficult to obtain the same pulsation amplitude with and without
the ejector.

In the pulsating case TE wasmeasured directly on the thrust bench, the ejector duct being fixed

to the floating beam (see below) ; V. and V were measured with a hot wire anemometer. Traverses provided

the data for space averaging and time averaging was performed with an integrating voltmeter. It should be

emphasized that because of the large pulsation awplitudes V. = V. + u. f V.

typically V. - 1.3 V. . V. was determined by measuring V. and u .

The thrust bench (Fig. 3) consists of a floating beam supported at both ends by two steel foils fixed
to a rigid frame. The elastic deflection of these foils is proportional to the force applied to the beam
it was about 0.1 mm/N and was optically amplified 4000 times to facilitate the measurements.

Independent checks made by measuring the momentum flux at the ejector exit showed that the preceeding
method gave values of 0 - 1 about 8 to 10 % too low. The results reported here are also rather underesti-
mated values of 0.

With the flapping jet ejector the above procedure gave poor results because of non uniformity in the
spanwise direction and because of the unknown pressure distribution on the nozzle. The total thrust was
then measured directly by the force exerted by the exhausting momentum flux on a plate perpendicular to the
ejector axis. The plate (1.80 x 2.20 mm) was fixed to the beam of the thrust bench. Tja and Tt were both

measured in this way. The presence of the mixing duct did not appreciably affect the flapping so that the
same conditions were easily maintained with or without ejector.

The measurement of the deflection produced by the force on the thrust bench was improved by using a
capacitive displacement transducer (sensibility better than 1,m). The electrical transducer output also
facilitated the time averaging of thrust which fluctuates considerably especially when the ejector has a
diffusor.

4. RESULTS AND DISCUSSION

4.1 Pulsating jet ejectors

Tests were performed for different mixing duct length Lm = 1 to g Dm, with six different conical
diffusors (see Fig. 1) and for different frequencies of pulsation. In order to limit the number of test
cases the measurements for a given Lm were begun with the constant area ejector and then diffusors of
increasing area ratio were added. The sequence was stopped once 4% decreased with respect to the previous
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geometry since the optimum value was passed. The detailed results for the ejectors Lm = 5 and 1 Dm only
are presented here (Fig. 4 and 5) but they are the most significant. Augmentations for Lm , 5 Om were
smaller than for Lm = 5 Dm in any case. On Fig. 4 and 5 q6 is plotted vs Strouhal number for various
diffusor geometries, the first number in the bracket on each curve indicating the value of the half angle
and the second one the length L/R m  (Rm is used as length scale for the diffusor to conform to common

usage).Values ofpon the ordinate axis correspond to the steady state case.

It should be stressed that 4 is the thrust ratio due to jets produced by the same head and with
identical pulsation frequency and amplitude. The reference value of k(> with a pulsating jet is also the
thrust of the corresponding free pulsating jet and NOT that of the steady jet. Otherwise the comparison

would have been unfair since V. is appreciably larger than V. when the amplitude is large.

4.1.1. Ejectors Lm = 5 Om

It is observed on Fig. 4 that 4' of the constant area ejector Lm = 5 Dm (symbol : +) increases from
1.32 to 1.45 when the jet is pulsating at frequencies corresponding to Strouhal numbers between 0.05 and
0.35. The decrease in c0 at higher frequencies is due to a decrease in amplitude. This gain in c#) is solely
due to the faster mixing produced by the forced pulsations as expected from the previous measurements in
free jets (9). 4 = 1.45 is close to maximum value quoted above for constant area ejectors with I = 9.

Diffusors added to the mixing duct produce a decrease in 4' from 1.35 to 1.28. This proves that the
flow separates in the diffusors. There is a loss in cp because there is a slight pressure drop in the
diffusor necessary to push the flow through it. This result was not surprizing since the selected diffusor
geometries were at the limit or in the region of stall on the performance chart for even smaller profile
non-uniformities than the one reached at the end of a 5 Din mixing duct (13)

The most spectacular result of Fig. 4 is the jump of 0 from 2.28 to values between 1.7 and 1.88
with the diffusor (5,8) when the frequency of pulsation is increased from 0 to St = 0.05. Several tests
at different velocities have been performed with this geometry (circled values indicate the velocity).
The longer diffusor with the same angle gave augmentations of about 1.60 and the 70 diffusors gave augmen-
tations between 1.60 and 1.70. Since the performances with other mixing ducts were smaller, the geometry
Lm = 5 Dm with a diffusor (5,8) is thus not far from optimal. An independant check of c<> was performed
with this geometry by measuring the exit velocity profile along four diameters and by computing the
momentum flux therefrom. The integration yielded 4' = 2.02 also a value somewhat higher than the one
obtained from direct thrust measurements.

It is remarkable that the maximum effect of the pulsation is obtained at a Strouhal number of only
0.05. Indeed, the results with free pulsating jets (9) show the maximum effect on the mixing rate is
produced at St = 0.2 - 0.3. This difference in behaviour is, however, not contradictory if the life time
of the pulsation is taken into consideration. This time or the distance downstream over which the forced
perturbation subsists increases with decreasing frequency. For St = 0.3 this distance is about 12 Dj or
4 Dm. At a frequency St = 0.05 there must hence subsist an appreciable pulsation amplitude at the diffusor
entrance which is able to maintain active mixing therein, This argument is also consistent with the observed
fact that the largest gain in 4' due to the pulsations comes from the improvement of the liffusor pressure
recovery.

4.1.2. Ejectors Lm = Om

With a very short mixing duct Lm 1 1 Dm the thrust augmentation is I whatever the diffusor (Fig. 5)
when the jet is steady. This duct is too short to allow any significant entrainment to be produced inside
and the diffusors are attacked by pure jet flow which fully separates. By contrast the performances with
the pulsating jet are quite remarkable. Not only is there an augmentation of 1.18 reached with just the
mixing duct - with a total length-ONE diameter 1 - but the diffusors improve the performance to 4, = 1.42.
To obtain appreciable pressure recovery in the diffusors after such a short mixing duct was quite unexpected.
These thrust augmentation results prove that separation is delayed by the vigorous turbulence produced by
the forced pulsations.

It is observed that the 5* - diffusors perform better than the 7' - ones and that the shorter ones
do better than the longer ones. This shows that 70 is more of an angle than the pulsating jet can fill.
Furthermore it shows that the diffusors (5,6) and (7,3) are at the limit of stall or partially stalled since
added length deteriorates the performance. It would have been interesting to test shorter 5°-diffusors or
diffusors with smaller divergence angles in order to find the optimal geometry but this would have required
other ducts which unfortunately were not available.

Contrary to the behaviour of 4> with Lm - 5 Dm, here it increases monotonically with Strouhal number.
This may be explained by the increased influence of pulsation with Strouhal number on the initial develop-
ment of the jet.

4.1.3. Best performances vs total length IN

The best thrust augmentations vs total length Lt -for all geometries tested are summarized on Fig.6 -

Comparison of the results obtained with steady and pulsating jets in constant area ejectors show that
forced pulsations :

- increase the maximum value of 0 from 1.33 to 1.46
- improve 0 for any duct length but especially in short geometries. Thus the thrust gain due to the
ejector (0 - 1) passes from 0 to 0.16, 0.05 to 0.29, 0.17 to 0.38 for the respective lengths of
1, 2 and 3 Dm.

It may also be noted that the 2 Dm long pulsed ejector produces almost the same 0 as the 5 Dm.long steady
one, 0 = 1.29 as compared to 1.33,

Diffusors improved performance only when the jet was pulsed except for a slight gain in the steady
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case for Lm - 9 Din. The gain in thrust due to pulsation for a given length is approximately 0.2 for Lr up
to 5 Din. There after this gain grows since 4t decreases in the steady case while it increases with length
in the unsteady case up to Lt = 9 Dm where 0 reaches the highest value of about 1.9.

4.2. Flapping jet ejectors

The improved and simplified measurement technique developed for the flapping jet ejectors allowed the
gathering of more extensive data. With the two-dimensional geometry it was on the other hand also possible
to vary the diffusor angle continuously so that for every mixing duct and diffusor length the optimum angle
could be determined exactly. Moreover the flapping angle could be varied very easily by adjusting the
blowing pressure (12). For each geometry the optimal flapping motion was then determined.

Preliminary tests showed that the best thrust augmentations were obtained at rather low frequ2ncies
of 10-20 hz and low blowing pressures except with wide angle diffusors so that only a limited range of
frequencies and blowing pressures had to be explored in order to find the optimal conditions.

Fig. I and 8 show the thrust augmentations for total ejector lengths of 7 and 3 Dm vs diffusor
divergence angle. In each case several combinations of mixing duct and diffusor lengths were tested. The
first number in the bracket corresponds to the length of the constant area mixing duct and the second one
to the length of the diffusor. The points on the ordinate axis are, of course, those of the constant area
ejector Lm = Lt . The representation 0 vs e has the advantage of showing the optimal diffusor angle for
a given combination of Lm and Ld as may clearly be seen on Fig. 7 and 8.

4.2.1. Ejectors Lt = 7 Dm

The most striking result of Fig. 7 is the improvement of thrust augmentation due to the forced
flapping of the jet. The best results in the steady and unsteady cases are respectively 1.48 and 1.65.
Actually for any given geometry c> is always higher with the flapping jet.

The gain in 0 is mainly due to the better efficiency of the diffusor since for the constant area
ejector 0 rises only from 1.42 to 1.45 when jet is forced.

The maximum 4, in either steady or unsteady case are nearly independent of the (Lm, L,) combina-
tion and are reached for rather low values of 9 . Even the ejectors with no constant area mixng duct
yield a maximum 4, comparable with the others. Actually it is the largest value in the steady case. Hence,
there must be active turbulent momentum mixing in these diffusors. The sharp distinction between mixing
duct and diffusor which was stressed in the introductory remarks on mixing is also rather artificial
although convenient for the sake of clarity. There is a pressure rise due to mixing in both butin the diffu-
sor there is an additional pressure rise induced by the diverging geometry. Since in the steady case there
is only a slight gain in 4 (from 1.42 to 1.45 and 1.48) produced by the diffusors it may be concluded
that the divergence pressure recovery contributes very little to the total pressure rise.

0 = 1.65 is the largest thrust augmentation obtained. The corresponding flapping motion was
A = 3.5' f = 20 hz ; the blowing pressure was p = 32 mm (fgenerating pressure of main jet) and the
mass flow of the blowing was 4 % of the main jet flow.

4.2.2. Ejectors Lt = 3 Dm

The improvement in 4= due to the forced flapping is here again quite striking. The maximum value
rises from 1.35 to 1.57. This latter value compares very favorably with the maximum cf = 1.65 obtained
for L = 7 Din with an ejector which is more than twice in length. The forced flapping is also quite inte-
resting for the short geometries.

Comparison between the steady and unsteady results shows a large gain already for the constant area
ejectors ( 4, increases from 1.35 to 1.49) due to the faster mixing produced by the flapping according
to expectations from the free jet behaviour (11). In the steady case there is no pressure recovery gained
by the divergence as proven by the nearly monotonic deterioration of 4' with 8 for the three geometries.
When the jet is forced there is a modest gain in when the ejector has at least a short constant area
duct.

4.2.3. Best performances vs total length

For constant area ejectors the maximum value of is only increased from 1.45 to 1.49 by theforced
flapping (Fig. 9) but the length is reduced by 50 % (3 m instead of 6 Dm) an important factor in aeronauti-
cal applications.

In this geometry thanks to the possibility to increase the diffusor angle continuously, it was possible
to observe a gain in c& due to the diffusors with the steady jets. But this gain is only appreciable for
long ejectors Lt> 6 Dm. When the jet is forced diffusors improve 4 as soon as Lt 2 Dm. The maximum#

observed is 1.65 also lower than with the pulsating jet despite a larger area ratio (A = 20 as compared
to 9.15).

Particularly interesting is the good performance obtained with short geometries. Thus for Lt = 3 Dm

#reaches already a value of 1.56 while doubling the length produces only a increase to 1.65.

Comparison with the pulsating case shows that 9&orows faster with Lt and is higher up to Lt= 5 Dm

when the jet Is subjected to forced flapping but then it levels off rapidly. The performance of the pulsa-
ting ejector on the contrary continues to increase up to Lt = 9 Dm.
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5. CONCLUDING REMARKS

These experiments show that manipulations of jet turbulence and mixing rate by forced pulsations or
flapping motions produce important improvements in ejector thrust augmentations. Gains with respect to
steady jet performances are especially remarkable in short geometries and with diffusors. Only in the
forced cases is there an appreciable or even large pressure recovery produced by thediff:~nr- divernence.

The thrust augmentations considered here do not take into account losses or power requirements of
the unsteady jet generation and should therefore not be confused with overall efficiency. It is not
claimed that pulsating or flapping jet ejectors produce higher thrust for given total power. It is only
shown that the forcing produces faster and more energetic mixing and permits to recover at least some of
the potential pressure rise of the diffusor divergence. These improvements are a necessary but, of course,
not a sufficient condition for practical applications.

The valve used to create the pulsating jet was certainly very inefficient. Moreover, the kinetic
energy of the pulsating jet is larger than that of the steady jet with the same mean velocity. The evalua-
tion of the overall energy efficiency is not even attempted in this case.

The cost of the flapping generation is approximately the flow bleeded from the main jet for the
control blowing. This was about 4 % of the main jet discharge for typical optimal flapping motions
(ps = Pj). For the Lt = 3 Dm case, 9S increases from 1.38 to 1.56. With ATja /Tij = - 0.04 and 4= + 0,18

the relationship Tt = 4 Tja yields upon differentiation ATt/Tja = + 0,12. There is also a 12 % overall

gain in thrust for the same power input.
In this investigation no effort was devoted to the development of more efficient generating devices

which of course does not preclude the possibility of more efficient designs based on other ideas.
Resonnance effects could for instance be used to produce pulsations and, on the other hand, the generation
of self flapping jets by using feedback as in fluidic oscillators is a real possibility (14, 15).
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ETUDE EXPERIMENTALE D'UN DEVIATEUR DE JET

M. LEPRETRE C. PORTIER

Socitt BERTIN, BP 3, PLAISIR 78370 Fr.

RESUME

Un models probatoire de dispositif airodynamique d'orientatlon du vecteur poussie d'un
riacteur a 61:6 mis au point en exploitant les propriites de recollement d'un jet sonique
ou faiblement supersonique sur une surface deviatrice plane ou courbe convenablement
dispos~e en aval du plan de sortie de la tuyire.

L'Otude parainitrique effectuie a fourni des rasultats tris encourageants montrant qu'il
6tait possible, avec des solutions simples, d'obtenir des taux de deviation importants
sans perte exagdrde de la poussde r~sultante ; un tel systime peut 6tre mis a profit
solt pour amiliorer I& maniabilit6 en combat salt pour realiser un appareil STOL.

Le dispositif ainsi defini se caractirise par une grande simplicite. 1e recollement du jet
slavtrant spontane et stable dans tout le dovnaine exp~lorO, sans requirir la mise en oeuvre
de systemes annexes tels que soufflage ou aspiration.

SUMMARY

An aerodynamical device of a jet engine thrust vectoring has been developed on a
probatory model.

For that purpose, a sonic or slightly supersonic jet is reattached on a reverser surface,
plane or curved, suitably placed downwards a nozzle outlet.

A parametric study has been made. Important reverse rates can be obtained without a
drastic loss of the resultant thrust. Such a device can be used to improve the manoeu-
vrability in fight or to realize a STOL aircraft.

Defined in that way, this device is very simple
in fact the jet reattachmnent is spontaneous and stable all over the explored domain
and does not need any extra system such as blowing or suction.

NOTATIONS

Parambtres geomitrigues

Dc diametre au col de la tuyere
o diamitre en sortie do tuyere
L longuour du deviateur
R rayon de courbure du diviateur
X marche longitudinal. entre diviateur et plan do sortie tuyire
Y marche transversal.
H hauteur de la cavite
I longueur du flasque
d Ocart entre limits supfrieure du flasque ot axe tuydre

J jeu longitudinal entre flasqijo et plan do sortie tuyfre
o iu radial du flasque par rapport au diamotre do sortie tuyire

:0 angle d'attaque du diviateur



23-2

Paramitres physiques

M nombre de Mach en sortie de tuyare

V vitesse locale de l'Ccoulement

P masse specifique locale

p pression statique locale

P0  pression g6nlratrlce de Vicoulement

pa pression atmospherique
y coefficient polytropique des gaz

r courbure locale de l'#coulement

Performances

F x poussee axiale

F y pouss~e latdrale

F X0 poussde axiale sans deviation

1 - INTRODUCTION

Parmi les qualites demandees aux avions de combat des nouvelles generations, la
manoeuvrabilitd en combat et la capacit# de dicollage et d'atterrissage court figurent
en bonne place. La mise au point d'un systfme adequat d'orientation du vecteur pousse
constitue, de ce fait, un objectif privilegie.

Dans le premier cas, il s'agit de fournir a l'appareil les moments de manoeuvre
complementaires necessaires A son evolution A forte incidence, configuration dans la-
quelle cette fonction ne peut itre assuree par la seule aerodynamique externe ; dans le
second, on demande au systeme de ddlivrer, A basse vitesse, une part significative des
efforts de portance requis pour le decollage ou l'atterrissage sur des plateformes de
dimensions restreintes :terrain sommairement amenage ou porte-avions.

L'etude exploratoire presentee ici avait pour but la realisation d'un modele simple
de d~viateur permettant d'orienter la poussde en exploitant les proprietes du recollement
d'un jet sur une parol courbe et en s'attachant A conserver la geometrie des tuy~res
de revolution a section variable actuellement developpees.

Le dispositif preconise permet donc de s'affranchir des problemes poses par l'emploi
de tuydres aplaties dont le jet bidimensionnel se prite bien A la deviation mais qui
impliquent, du fait de leur complexitE, des coOts de developpement consid~rables.

Les essais, effectues au point fixe sur des maquette A echelle reduite, ont permis
de verifier la faisabilite du principe et de slassurer du realisme de la solution tant
sur le plan fonctionnel que technologique, le recollement 6tant spontan# et stable et
l'architecture extr~mement rustique.

Les niveaux de poussee lat~rale fixes par les specifications 6taient de 15 % de la
poussee axiale nominale dans la premiere application (manoeuvrabilitfi) et de 60 % dans
la seconde (STOL) ; dans le premier cas, la perte de pouss6e r 6sultante maximale 6tait
fixise A 5 %

2 - PRINCIPE DE FONCTIONNEMENT

Le Principe mis en oeuvre resulte de l'adaptation au cas particulier des reacteurs
d'avion de travaux de recherche entrepris depuis de longues annees a la Soci~t6
BERTIN & Cie sur les problimes de recollement de jets supersoniques et qui ont abouti
notamment, en collaboration avec Ia Societe des Engins M4ATRA, A la conception d'un
systime de pilotage original applicable A des petits missiles (Ref. 1).

Le dispositif est represente schematiquement sur la Figure 1.

11 comporte principalement une surface deflectrice denommee deviateur, disposae en
aval du plan de sortie de la tuyere de manidre A Olnager, par rapport A celui-ci, une
march. descendante dans le sins de l'ecoulement, de largeur X et de hauteur Y ; A ce
deviateur sont associeis, de part et d'autre, deux flasques lateraux de forme et de
dimensions appropri~es formant avec lul un canal bidimensionnel ouvert, au sein duquel
5' organise l'ecoulement.

Lors de la mise en route apparalt un regime transitoire au cours duquel le jet
provoque, par entralnement visqueux. une depression au niveau de Ia marche ;de ce fait,
un dls~quilibre se trouve cree entre les pressions reignant de part et d'autre de Itcou-
lament par ailleurs canalise par los flasques.
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11 en risulte un basculement du Jot ; celul-ci recols sur le d~viateur, entretonant
ainsi la depression initials dans la zone marte qul s'#tablit A l'aplomb de I& marche
oO r4gne un courant de recirculation.

Pour quo le phenomene soit stable. 11 importe alors quo l'angle d'attaque du jot
sur Ie d~viateur et ?a courbure do celul-ci soiont convonablement chaisis, de maniure
a iviter is d~collemsnt au point d'impact li6 A l'interaction onde do choc - couche
limite et a assuror tout ls long du d~viatour Vquilibre centrifuge du jot.

Cotto condition d'&quilibro centrifuge est approch~e thOoriquement a partir do la
relation. d V R D

exprossion dans laquello los Indicos I et 2 correspondent respectivement aux limites

exterioure et intirioure du jet, avoc

0

0
Y

Ce rayon est ensuite optimis6 par des essais sur des devatours encadrant la valour
nominal 0.

L'angle d'attaque, pour sa part, ost determine do cant~rs empirique en faisant varier
pas A pas le paramttro a

3 - MOYENS DIESSAIS

Los ossals sont rlalis~s en doux 6tapes zdans un premier temps, on optimise is
rayon et l'anglo d'attaque du d~viatour A l'aide dlessais fonctionnels au cours desquels
on @value la stabilitt du rocollentent par des relevis do pression sur des prises regu-
litrement r~parties dans lo plan do symetrie du systibmo ensuite, on procedoe A l'opti-
misation des autres paramitres au moyen dlossais do performances sur une balance A doux
composantes.

Dans chacun des cas, los essais sont realises au point fixo, on gaz froids, par
raffales et sans dcoulemont externe.

La schima do Principe do la balanco utilisle est reprdentd Figure 2.

L'ensemble pesO so compose d'une boutoille en alliags l6er frott6 (40 dm 3/200 bar),
d'une elactro-vanne et d'un dfitendeur A d~me pilotabla A distance raccord6 diroctement
a la maquette 11 ost suspondu au chassis au moyen do deux cables autorisant le libre
d~placement longitudinal et transversal.

La bouteille est remplie prisalablement A l'essai A partir d'un cadre d'azote.
L'Olectro-vanne (2 voles) mantis sur la bouteille assure llisolomont apr05 remplissage
alors quo 11 61ectro-vanne (3 voles) placie sur Is b~ti permet a ]a fois do former le
circuit do remplissage at do mattre Io flexible do liaison I l'air libre, Ovitant ainsi
touto rfaction parasite.

De son cbtk, Is circuit do pilotage comprend un detendeur pilots et une Olectro-vanne
3 voies raccordie au d~me du ditendeur principal par uno tuyauterie flexible n'intro-
duisant qu'une faible interaction.

La mesure des poussees axial. at latirale est rfialisfis 4 laide do capteurs plezo-
rosistifs travaillant suivant Is cas en compression ou en traction, la liaison entre
bouteille et biti fitant assurla par des adaptateurs isquipis do doubles cardans destints
a fliminor las interactions resultant des difauts d'alignement.

4 - DESCRIPTION DES NAQUETTES

Los diffirontes maquettes, quelles qu'en solont los dimansions, sont toutes conques
salon un schfma simple permettant do prodder aisfiment A des modifications ou des riglages
on cours do miss au point.

L'architecturo gfnfrale do Ia maquotte ost reprfsentO. Figure 3.

Un corps on alliagoa ligor supports au moyan d'usinagas approprils los difffirents
Qilments du montage ; I1 est muni d'un adaptatour Oiquipe d'une bride tournante permettant
un positionnement aist et rigouroux do Ia maquette sur la balance.
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La tuylre, rapportle sur Is corps. est alimentlO suivant Io cas a travors un dispo-
sitif do t ranquillisation (nid d'abeillo) ou do miss en rotation simulant los conditions
d'6coulement on sortie du riactour. La prossion g~nfiratrice est mesurie en aval de ce
dispositif, dans une chambre oQ Ia vitosse de circulation des gaz est faiblo.

Enfin. des cales do riglage et des boutonnitros sont prevues pour l'aJustoment des
parametros fonctionnels X et Y ot do la position des flasques lat~raux.

Deux series do maquotte associ~kes aux deux sies d'experiencos docrites dans Io
programme daitude ci-apris ont i~t# construitos ; los premires se rapportont aux essais
on 6coulomont supersonique, los socondos aux ossais en Ocoulement sonique.

Dans 10 promior cas. afin do balayer Ie taux do ditento ontre 2 et 4, A pression
do sortio donneo (ditonto A Ilatmosphdro), trois tuyiros correspondant a des Mach en
sortio do 1.04, 1.36, St 1,54 ont 61t6 rialisies.

Lo dimonsionnomont dos maquottes, offectuis on tenant compte des contraintes impo-
s6es par Io materiel existant (balance et circuit do soufflage) nous a conduit a
retonir los valeurs sulvantes:

a n Gcoulomont supersonique au Mach moyon do 1,36

- n configuration monotuyiro D c = 17.8 mm

D = 18,7 mm

F x 1% 70 N (pour p0  3 bars)

-on configuration bl-tuyire D~ e 12,6 mm

D = 13,2 mm
dcartomont entro divorgents A = 3 mm
la sortio

a n ficoulemont sonique

D D =24 mm

F x 1 70 N (pour p0  2 bars)

A titre indicatif, ces valeurs conduisent a des dunfes pratiques do raffalos
supirioures A 10 secondes ot A des Nombro do Reynolds moyens on sortie do tuydre do
Ilordre do 10'.

5 - PROGRAMME DIETUDE

1e programme experimental ost men6 schimatiquement en deux temps

- une etude comparative sommairo du comportemont du dispositif dans los deux con-
figurations mono ot bi-tuybros, sur une plago relativoment 6tendue du nombro do Mach
94 compris entre 1 ot 1.6)

- une 6tude parametrique approfondie sur un arriire-corps monotuyire en rogime
sonique destine A corner los problies dlavionnabilit# du systfmo.

5.1 - Essais priliminaires

En premier lieu, on procbdo sur banc statique A la determination des paramitres
n ominaux ; pour cel&, on met A profit los diffironts moyons do riglago privus sur
aos maquettes at IVon fiyalue Ia stabilitO du rocollement A partir do l16volution des

pressions statiques A Ia paroi du devia tour (Figures 4 et 5) ; cetto opeiration,
effectuee au Mach moyen do 1,36, en configuration monotuyLiro est ripestee, au mime
Mach. sur I& configuration bi-tuyero los reglages rotenus pour los divers parametres
g~oiftriques sont en d~finitive los suivants

_____________________________________Monotuye bituyeo

rayon do courbure du d~viateur R 100 mm 60 mm

angle d'attaque aajustablo ontro ajustable ontro
00 ot 10 dogres 0 ot 10 dogres

longuour du d~viatour L ajustable ontro ajustable entro
31 at 60mm 22 at 48 mm

iou *ntre divergent at flasque o 0,65 mm 0,9 mm

hauteur do caviti H 10 mm 10 mm
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march. longitudinale X 2 mm 2 mm

march* transversal. Y 3 mm 3.2 mm

Les memes essais effectuds aux deux Mach extremes 1,04 et 1,56 permettent de confir-
mer la validitf de ces riglages dans I& totalite du domaine des taux de d6tente envi-
sages.

Un. fois terminfe cette Otude qualitative de la stabilitO du recollement, on procede
avec los principaux riglages retenus. a une analyse quantitative des performances en
fonction des paramitres ajustables, notamment l'angle d'attaque du diviateur, sa ion-
guour et le taux d'adaptation de la tuyire.

Ces essais se terminent par un examen du comportement et de 1'efficacitf d'un
diviateur plan de faible longueur, en vue de simplifier le systime et d'en limiter
leoncombrement, dans le cadre d'application aux faibles deviations.

5.2 - Etude paramitrique approfondie

Cette fitude est menie en 6coulement sonique sur une maquette A 6chelle sensiblement
plus grand. afin d'ajuster plus finement les paramitres giomitriques et de rialiser
1'intfigration d'une motorisation simplifile avec un minimum do sujitions.

Comme pricidemment. une premiire Lstape au banc statique permet d'ajustor les para-
mitres do riglage de la marche X et Y.

Les essais effectuis sur trois formes de diviatour (deux diviateurs plan - un
diviateur courbe) condulsent au choix de la configuration nominal.

X = 2 mm

Y - 2,5 mm

On note toutefois qu'un accroissement de la hauteur de marche ne serait pas prejudi-
ciable A la stabilitf et que le fonctionnement reste possible avoc une largeur do
march. nulle (valour qul sera retenue ultdieurement sur diviateur plan).

Ces valours Otant difinies, on procide A une etude systematique au banc do poussde
portant sur les difffirents parametres geomitriques et physiques.

On vdrifie dans cette configuration le caractire spontanO du recollement pormottant do
s'affranchlr de tout artifice aerodynamique tel quo soufflage ou aspiration.

6 - RESULTATS D'ESSAIS ET DISCUSSION

6.1 - Essais preliminaires

L'influence do la longusur du deviateur sur los performances apparalt Figures 6 et 7
osont indiquies, on fonction du taux d'adaptation. Vefficacito laterale et la porte
dpoussie axial. ; on constate ainsi qulil ost possible sur un monotuyere legirement

supersonique, do rdaliser avoc un diviatour courbe de dimensions suffisantes (1 ̂ . 2,5 D)
des poussios laterales dipassant 30 % do la poussie axiale sans deviation. Dens ces
conditions, ]a porte do poussde vanie entre 5 et 10 % selon le taux d'adaptation.

D'un autre c~tf, los caracteristiques du syste evoluent avec langle d'attaque
du diviateur comme indique sur les Figures 8 et 9 corrospondant a uno configuration
bi-tuybre pour laquelle on observe un accroissement corrilatif des pertes (>. 15 % F
et do l'efficacit# laterals qui avoisine 60 % aux niveaux do pression gfndratrice let
plus bas.

11 est donc cleir des ces premiers essais quo des deviations tris importantes sont
rialisables avoc des diviateurs courbes correctement reglis et cell particullirement
sur un bi-riacteur ; des perspectives d'utilisation STOL paraissent ainsi ouvertes A
un tal dispositif moyennant une optimisation des parametros.

Pour les applications correspondent A des poussies lateirales plus modestes
(menotuvrabilitt), il ressort qu'une giomfitrie plane do faible longuour doit btre
satisfaisanto ; des essais partials offectuls tant en mono qu'en bi-tuyere 1e confirment
at un programme d'analyse paramdtrique ditailli est donc lance dans ]a configuration
monotuyire sonique, dont nous allons commenter los resultets.
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6.2 - Etude param~trique approfondie

6.2.1 - Influence de la1 ongueur d u dlviateur

L'6volution des caractlristiques est indiquee Figures 10 et 11 en fonction de Val-
longement (rapport LiD entre la longueur du deviateur et le diamitre en sortie de tuyere)
on met en Evidence que pour la configuration Otudile (dlviateur plan en 6coulement sonique)
il existe un optimum au voisinage de la valeur L/D a 1,25 ; au-dessous, le dispositif
s'avlre instable au-dell d'un certain rapport de pression (Po/Pa - 2.25 pour L/D - 1)
au-dessus, la stabilitd est satisfaisante mais los performances diminuent en raison d'un
dicolloment premature.

11 convient toutefois de noter que l'optimum ainsi difini correspond a un reglage
donne des autres parametres et qu'on dolt s'attendre A des modifications de colul-ci
lorique les riglages changent. Seule une investigation tris complete permettrait d'apprl-
cier l'amplitude de ces variations mais, d'ores et d#JA, les valeurs obtenues apparaissent
technologiquement viables.

6.2.2 - Influence de la 1 ongucurdes flasgues

Les dispositifs de confinement de l'dcoulement constituent dvidemment des Elements fonc-
tionnels essentiels du systime dans la mesure o0 ils participent A la stabilite du recolle-
ment. Par contre, leur presence est contraignante, tant du point de vue de l'adrodynamique
externe en accrolssant la trainee de larriare-corps quo de la technologie en compliquant
le micanisme de retraction.Llun des principaux objectifs de ]'etude paramatrique reside donc
dans l'optimisation de leur encombrement ;en particulier, on recherchera pour une longueur
de diviateur donnee, la longueur minimale de flasque compatible avec le respect des per-
formances.

Les courbes caracteristiques correspondant A differentes longueurs de flasques sont
portees sur los Figures 12 et 13 o0 Von observe une chute brutale de la poussae laterale
pour un allongement l/D voisin de 2/3 ; on notera que, d'une maniere analogue a ce qu'on
observe pour le parametre precedent, cette chute de performance s'accompagne corrilati-
voment d'une reduction des pertes do poussee axialo.

6.2.3 - Influence do la hauteur des flasgues

Dans le mime ordre dideo, la reduction de l'encombrement en hauteur dolt Otre recher-
che; toutefois, Il'xamen des courbes des Figures 14 et 15 montre quil ne faut pas
attendre de gains spectaculaires de ce cote, une reduction significative de I'efficacito
lattrale apparaissant des que la limite supfrieure du flasque affleure le plan de symltrie
horizontal de la tuyire ; on constate parallilement que cette disposition particuliere
(d = o) conduit A la Porte de poussle axiale maximale. On s'en tiendra avantageusement
A un dipassement relatif d/D de 11ordre de 10 %.

D'une manure plus generale, lettude des deux derniers parametres met en Evidence
IlimpossibilitO de supprimer les dispositlfs de confinement ; seule, une reduction de
leurs dimensions pout btre envisagee.

6.2.4 - Influence de l'Ccartement des flasge

La position des pitales de la tuyire propulsive W'est pas figee et depend des condi-
tions de vol ; ladaptation du dispositif de pilotage necessite donc l'Otude du compor-
tement de la bascule en presence d'un ecartement des flasques variable (iou radial e).

La variation de ce paramltre est obtenue sur maquette au moyen de cales d16paisseur
dans une plage de riglage comprise entre 0,5 et 5,5 mm (soit environ 2 & 20 % du diametre
de sortie tuybre).

Los Figures 16 et 17 roprisentent Ia variation de Ilefficacitf laterals et do la
porte do poussee axiale parametric en rapport do pression ; on note quo les performances
sont tris affectles par la position transversale des flasques, particuliiroment au-dola
d'un espacement e voisin do 10 % du diamitre 0 ; toutefois, Ia stabilit6 du rocolle-
mont no semblo pas remise en cause par ces riglages.

Des ossais complimontairos ont pormis do constator par ailleurs qu'un ajustomont de
lincidence du diviateur no pormettait pas d'accroltre sensiblement la poussie latoral.

Ces risultats suggiront en pratique l'intogration d'un dispositif d'articulation des
flasquos pormottant do sladapter aux variations du col do tuylre.
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6.2.5 -Influence due!ng2itdinal ontre flasgueettuir

L'analyse do ce paramitre vise A slassuror quo la solution 6tudlie est compatible
avec los exigences fonctionnelles sur avion tant au plan thermique (tenue des compo-
sants en prisence do gaz chauds) quo mecanique (positionnement par rapport A la tuybre,
compensation des dilatations).

Dans la plago do variation comprise entre 0 ot 1,5 mm, on a pu mettre en evidence
une dvolution sensible des performances ; los Figures 18 et 19 ricapitulent los risultats
obtenus. On .y observe une inflexion do l'officacitb au volsinage du rapport do pression
P9/Ipa - 2 ; par contre, au plan fonctionnel, le recollement est pou perturb6 par

I siration au niveau do la fente et Ileffet trompe qui s'ensuit so traduit par un
gain notable des performances axiales.

1e comportemont global du systime vis-A-vis do ce paramitre paralt satisfaisant
et permot dlenvisager favorablement un refroidissoment naturol des 6liments los plus
sollicitis thermiquoment.

6.2.6 - Influence d'une rialimentation de la marche

L'6tude des fuites entre desviateur et plan do sortie tuyire, entra~nant une riali-
mentation do la marche, ripond au mime souci que pricidemment ; los risultats prisentis
Figures 20 et 21 montrent une sensibilitO plus grande du dispositif vis-a-vis do ce
paramitre, le debit secondaire aspir6 ontra~nant un epaississemont do la couche limite
qul affocto los conditions do rocollement.

Une verification globale du fonctionnement en presence de jeux reprisentatifs d'une
configuration rdelle a #tis effectute en associant sur la mime maquette une fente do
rialimentation et un jou ontre flasque et tuyire do mime valeur (1 mm soit 5 % do D);
la caracteristique carrospondante illustre bien l'intdrbt du confinement et montre qu'il
sera nicessaire do trouver un compramis ontre une simplification extrame ass-oclie A des
loux importants et une definition plus performante mais tris sophistiquie.

6.2.7 - Influence des defauts locaux

Diffirents defauts gdomdtriques ant Otis simulis sur maquette on tenant compte. do
fagon aussi realisto quo possible, des problemes do conception et do fabrication:
bord d'attaque du deviatour sans ante vive (diffirents rayons ont 6t6 testis), presence
d'obstacles singuliers A la surface (rivets roprisentfs ici par des vis tite fraisee a
depassement contr~les).

Par aillours, des essais ont et- realises avec un ecoulement tournant reprisen-
tatif des conditions do sortie riacteur.

Dans tous los cas, los portes d'efficacit6eonregistries nWont pas depasse 1 %

do Fgu; on pout donc considerer quo ces difauts constituent un probleme marginal do la
mis upoint d'un diviateur re6el.

6.2.8 - lnfluence du taux d'adaPt ion

Los diffirentes caractfristiques prenties 6tant parametries enl pa/Pa ant deja
permis d'evaluer l'allure des variations do performances en fonction du taux d'adaptation
les Figures 22 et 23 pnicisent cotto influence pour une geometrie donnie et dans un domains
de pression ilargi.

On note une perte d'efficacitA latirale continue mais faible A mesuro quo crolt
la pression giniratrice et, qualitativement, 1e dispositif de pilotage couvre la totalite
du domaine d'utilisation envisage sans modification significative do la stabilit@ de
recall ement.

7 - CONCLUSION

La prisento etude a montre qu'il 6tait possible d'obtonir le recollement d'un jot
sonique ou faibloment supersonique sur une parol plane ou profilee dans une plage do
pression generatrice corrospondant au domaine do vol gendralement envisages pour los
avions do combat.

On ost parvenu, dans la version nominale retenue, A rialiser des taux do diviatian
ripondant aux specifications visfes (lusqu'l 60 % do la poussie axiale nominalo) sans
pertel exagirios.
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Les essals syst6matiques d'optimisation des reglages fonctionnels ont permis de
d~flnir les limites d'utllisation et de verifier notamment la necessite de mettre en
oeuvre des moyens de confinement ajustables.

On a vu Ogalementqu'on pouvait envisager le refroidissement, total ou partiel,
des dlfflrents composants en m~nageant des fentes de r~alimentation correctement ilmen-
sionnees dans les zones les plus sollicitees.

Le dispositif reste simple sur le plan des formes et de la technologie et ne n6cessite
pas d'organes annexes d'aspiration ou de soufflage pour favoriser le recollement ; plus
particulirement, i ne remet pas en cause la conception des tuyeres de revolution actuel-
lement developpees.
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SUMMARY

The off-design performance of turboprop and turbojet engine with ejector exhaust ducts
have been investigated at Alfa Romeo Avio during AR 318 turboprop engine (and its derived
versions) development and certification program.

The optimisation of the matching between engine and exhaust duct system has been deve-
loped along the following line.

A theoretical approach has been used by introducing in a Synthesis programme the appro
priate numerical simulation of the ejector, both in the case of subsonic condition at the
engine exhaust station and in the case of sonic station, with supersonic development of
the flow through the ejector.

Then a lot of experimental tests has been carried out on the AR 318 facilitics,to com-
pare the results in the case of subsonic engine exit.

In order to study the supersonic flow through the ejector a set of available experimen
tal results has been examinated so that the reliability of theoretical methods to evaluate
the secondary flow, for cold condition, has also been verified.

For hot conditions experimental tests have been performed at Alfa Romeo facilities and
results are shown compared with theoretical calculations.

Next step has concerned the installation of a suitable ejector system on the AR 180.10
turbojet engine, -hich is a derived version of the AR 318 turboprop.

LIST OF SIMBOLS

A Area
H Enthalpy
M Mach number
P Pressure
9 Density
R Gas constant
T Temperature
V Velocity
W Mass flow rate

SUBSCRIPTS

c Cold or secondary flow
E Main flow
S Static
T Total
U Ejector exit section

i. INTRODUCTION

This paper deals with two problems proceeded during the AR 318 turboprop engine and its
derived versions development and certification program:

1) An ejector system at the exhaust duct of the AR 318 engine was required, so that a
cooling secondary flow through the nacelle is obtained and the flow rate is governed by the
engine ratings.

2) In order to increase the thrust of the AR 180.10 turbojet engine, designed for low
speed aircraft, it was decided to study a suitable ejector system.

Therefore the job has been divided in two parts: one for the turboprop engine, dealing
with the AR 318 engine, the other one for the supersonic ejector, studied on the Alfa Romeo
Avio test facilities.
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2. TURBOPROP ENGINE

2.1 The Engine

The AR 318 turboprop engine is the first engine designed and developed by Alfa Romeo
Avio after World War II.

It is a low cost 600 SHP engine for commercial and commuter aircraft with up to 10000

LAS take-off weight, and for turbo-trainer aircraft with installed power from 350 to 600
SHP.

The AR 318 is a very simple engine, as fig. 1 shows. Its basic components are designed
for easy maintenance. The engine main modules are the following:

-epicycloidal gearbox which includes the axial lobe air intake;
-single stage high pressure ratio centrifugal compressor;
-high efficiency, low pollution reverse flow combustor;
-integral casting two stage turbine.
Since the first run, on September 1977, testings totalled over 1500 hours on test bed

and 150 flying hours on a Beechcraft A90 KING AIR aircraft.

2.2 Ejector System Requirements

Studing with an airframe company the installation of the AR 318, for a practical appli
cation on a single engine turbo-trainer aircraft, it was discussed the possibility to use
an ejector system for the aircraft exit duct.

Such a system was required for the following reasons:
-a very easy installation is got because the exhaust duct has not to be build and strip
ped with the engine;

-a cooling secondary flow is directed through the nacelle; this flow is controlled by
the engine rating and it is particularly necessary for aircraft operating in the hot
zones of the world;

-a reduction of static pressure at the engine exit station is obtained so that the pres
sure losses in the aircraft exhaust duct are balanced by different enthalpic drop
through the turbine.

A possible configuration of the installation on an aircraft is shown in fig. 2

2.3 Numerical Simulation

A reliable computer programme for off-design engine performance prediction, and for
different engine configurations, is already available at Alfa Romeo Avio and at IAF Acade-
my, (1). This programme had been prepared on the ground of the 'state vector' theory (2),

(3),(4). The number and the kind of parameters in the state vector is strictly depending
on engine configuration.

The choice of the parameters used as components may be the widest one, (5), and the
computer program calculates them by using the condition of constant mass flow rate in a
number of engine stations. A set of equations, whose number is equal to the number of vec-
tor state components, can be obtained and solved by an iterative method.

One of the control station used to write the set of equations is the engine exhaust,
so that the mathematical model of the ejector becomes an important and essential part of
the iterative method for engine performance evaluation.

For both subsonic and supersonic ejector performance prediction many mathematical mo-
dels are available in literature (6),(7),(8),(9),(lO),(1l).

The main aim of this paper is to find out a simple model suitable for integration with

Synthesis computer program. In fact, as previously stated, the aim is to obtain a digital
computer programme fit to study the engine-ejector all together, in any working condition.
This is also the philosophy of the Synthesis programme, which studies the behaviour of the
engine as a whole without considering the particular flow type in the Curbomachine.

The subsonic ejector model is based upon the following considerations.
As previously stated the ejector installation modifies the engine thermodynamic cycle

because the static pressure at the engine exit station is lower than the atmospheric pres-
sure. This causes a variation of enthalpic drop through the turbine.

The numerical simulation of the ejector has been developed with the condition that se-
condary flow must provide an equilibrium pressure at the engine exit station between the
static pressures of engine exhaust gas and the same secondary flow.

A flow chart of the numerical method used is shown in fig. 3
The iterative calculation model of the ejector has been inserted in the iterative Syn-

thesis programme; the analysis of the installation effect starts when the Synthesis has al
ready evaluated the exhaust stream parameters. In this way the static temperature, gas ve-
locity and geometrical properties of engine exhaust jet are known.

The first calculation step is devoted to guess the value of the ratio between seconda-
ry flow rate and main flow rate (W /WE, fig. 4).

Furthermore, with the hypothesis of complete mixing, the enthalpy and the total tempe-
rature at the ejector final station( A) are computed. Using isentropical flow, thermodyna-
mic state and mass conservation equations, gas velocity, static temperature and density at
AU station are also obtained.
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Then from the value of secondary mass flow and A area (see fig. 4), it is possible
to evaluate all parameters for the cold secondary infet station (i.e. P ,T ,V ).

At station 3 there is the equality of static pressures so P -P Sc Sc c
The value of P and the exhaust engine geometry determinesS he static temperature

and velocity of ho Estream. Thus from momentum equation between station 2 and AU a new
value of static pressure at station 3 can be calculated.

The value of static pressure from step 5 (fig. 3) is compared with the value of the
same parameter calculated in step 7. This comparison is the end of first step of ejector
effet iterative calculation. If the difference between the two values of static pressure
in station 3 is greater then the prefixed tolerance the iteration goes on restarting from
step I (fig. 3). Otherwise the iterative calculation for state vector components goes on.

The modified Synthesis programme has been used to carry out several calculations for

different engine working conditions. Some of these results are shown in fig. 5,6,7; they
are obtained for the same engine ratings (i.e. engine speed and fuel flow).

The results show the effect of an ejector system on the performance of AR 318-052,
compared with the behaviour of the engine without the ejector exit duct.

Fig. 5 shows the variation of secondary mass flow rate and residual thrust for dif-
ferent ejector area ratio at fixed flight conditions (design-point of version 052 of the
AR 318 engine).

Fig. 6 and 7 show the variation of shaft power and equivalent power in the same con-
ditions of fig. 5. The most important result is that any variation in power is very low
and to show them a large scale plotting has been used. In these figures the x-axis has a
double scale. This is the result of the study carried out in order to evaluate the ejec-
tor installation effect on a turboprop engine. The ejector improves power because it in-
crease enthalpic drop in turbine. The same effect can be obtained increasing the exhaust
area of the engine. The most important difference between the two methods is that the ej-
ector increases residual thrust, while the larger exhaust area decreases this parameter.
The final effect is a different equivalent power behaviour in the two different cases
(fig. 7)

2.4 Experimental Tests

The experimental tests have been carried out at Alfa Romeo Avio AR 318 hangar test
bed in Pomigliano d'Arco(Naples).

These tests have been performed in order to prove the reliability of the numerical
method outlined in the previous section.

Ejector dimension have been chosen to test the system without creating any interferen
ce with AR 318 certification program. So an area ratio that did not cause a large change
in engine behaviour has been chosen by the Synthesis programe.

To evaluate a suitable lenght of the ejector a program from theory of ref. (11), was
developed. So with Synthesis area and mass flow ratio the ejector lenght has been calcu-
lated. Practically this phisical parameter affects the mixing between main and secondary
flow.

In order to consider the influence of lenght on ejector performance and to choice geo
metrical dimensions near required conditions, the small numerical progranne has been used
in a parametric study. Briefly the best value of ejector lengt to diameter raticis about
3.5, ref.12. This value puts in agreement several oppositing requirements (i.e. weight,
secondary flow rate and internal frictional losses).

As previously stated the main aim of experimental tests is to evaluate the secondary
mass flow rate so the model instrumentation is sketched in fig. 4. The truncated cone sha
ped inlet has been chosen in order to evaluate the relative position engine-ejector on sy
stem performance.

The most significative results are plotted in fig. 8,9,10. Engine global performance
(i.e. power, S.F.C.) change are not plotted because, as calculated by the appropriate com
puter program, see ref. 13,the differences measured during the tests have been very small
as stated in ejector dimensions choice.

Plotted results show the good agreement betweem theoretical and experimental data con
cerning main to secondary mass flow ratio and exhaust gas temperature.

Fig. 10 shows the standard deviation of measured exhaust temperature, that is:
N

S.D.EGT  =I (T-Tm) 2

SDEGT 1=1 i
N-1

where: T is the value measured at the i-th thermocouple;
T is the mean exhaust gas temperature;

is the number of the thermocouples.
This parameter has been chosen to get some informations about the degree of mixing

for the three different positions in fig. 4. The first result is that the best mixing is
achieved at the position A of fig.4.
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3. TURBOJET ENCINE

3.1 The Engine

The use of ejector system for thrust augmentation is actually widely diffused parti-

cularly for V/STOL during take-off/landing operations.

The purpose of present study is to use an ejector system to increase thrust of the

AR 180.10 turbojet engine for an application on a low speed aircraft.

The layout of the engine is shown in fig.l1. The core engine is the same of the AR318

without the turbine second stage. The air intake is modified from the lobe to an axial

one since there is no gearbox soace problem. The engine so obtained is a 400 LBS take-off

turbojet engine already tested on the Alifa Romeo Avio test facilities.

3.2 Ejector System Requirements

In that case the ejector system requirements is the optimisation of secondary mass

flow rate so that maximum thrust augmentation is obtained from static to maximum forward

speed conditions.
Numerical simulation of engine-ejector system has been carried out to have a computer

programme to evaluate the complete performance all over the operative field of the engi-

ne. Confirmation of theoretical results has been obtained by a set of cold and hot tests

performed on a scaled down ejector model.

3.3 Numerical Simulation

The main difference between turboprop and turbojet ejector system application is the

engine exhaust station condition. In fact while for turboprop engine the flow is always

subsonic at the engine exhaust station, for turbojet engine, at high rating conditions,

the flow becomes sonic, when there is a simple convergent exhaust duct, or supersonic in

the case of convergent-divergent diffuser.

Many studies deal with such a problem and a wide analysis may be found in ref. (8).

As already pointed out in the turboprop section, the main purpose of this job was to

test a mathematical model to be matched with Synthesis computer progranne. So only one-

dimensional theories have been treated for the two essentially different conditions:

-supersonic regime

-mixed flow regime

and assumptions and development of equations are available in ref. (8).

The main difference is that while in ref. (8) the theories are applied to determine

operative conditions of the ejector system to achieve a forecast secondary to main mass

flow ratio, in the case under examination the aim is to know the behaviour of the system

for assigned external conditions.

So for the supersonic regime a computer program has been prepared where the primary

flow has been calculated by the one-dimensional theory of convergent-divergent diffusers

and secondary flow is evaluated by the assumilon of chocking condition at a certain po-

sition along the ejector and by the balance of momentum in the section.

Results obtained for assigned geometry, ambient and primary flow conditions are shown

compared with the experimental tests of ref. (8), see fig. 12.

After the programme has been modified to evaluate also the development of the two
flows through the ejector in the case of different stagnation temperature by balancig to-

tal energy at inlet and outlet of the ejector.

Results have shown that the high secondary to external pressure ratio stated for the

supersonic regime, leads this model to be not suitable for the aim of this study.

So the mixed flow regime has been treated and matched with the Synthesis computer pro

gramme to evaluate the complete system performance. The flow chart is shown in fig. 13.

In that case the engine thermodinamic cycle is evaluated without ejector effect be-

cause of sonic or supersonic engine exit station. So the -terative scheme is divided in

two parts:
-one for the calculation of state vector for engine thermodynamic cyle;

-the other one for the evaluation of the secondary mass flow by continuity, momentum

and energy balance between inlet and outlet of ejector system.

3.4 Experimental Tests

To have a confirmation of reliability of theoretical calculation for the AR 180.10

turbojet exhaust gas conditions, a scaled down ejector system has been prepared and te-

sted at Alfa Romeo Avio facilities. The layout is shown in fig. 14.

By this facility a maximum primary pressure of about 600 kPa and a total t~mperature

of 1000 K are available and those values include the AR 180.10 exhaust gas conditions.

Temperature and pressure modulations are obtained respectively by fuel control and by

an actuator system. So the primary mass flow rate is fixed by temperature and pressure

condition while secondary flow starts from ambient conditions, as on a turbojet engine at

sea level static.
Some preliminary tests have been carried out with convergent-divergent diffuser and

with a simple convergent diffuser. The primary to secondary area ratio (AE/Ac) during
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those first tests was 
about 1/12.

The instrumentation has been chosen to have an accurate evaluation of the secondary
mass flow rate and of the development of the mixed flow through the ejector with some in
formation about the exit gas temperature distribution.

Some of the preliminary results are shown in fig. 15 and 16, compared with theoreti-
cal calculations. During these tests a convergent-divergent diffuser with AU/A* (diffu-
ser exit station-chocking station area ratio) equal to about 2.5 was used.

Results show the accurancy of theoretical calculations particularly at low primary
total temperature and high pressure, while increasing temperature and decreasing pressu-
re the difference goes up til 5t6 % in the worst conditions, see figl5.

Fig. 16 shows exhaust gas temperature versus total temperature of the primary flow.
Temperature distribution is very flat with maximum difference at high temperature of about
5 K. In the same diagram is plotted the exit temperature calculated with the assumption
of full mixing between primary and secondary measured mass flow rate, using their measu-
red inlet total temperature (i.e. controlled total temperature for the primary flow and
ambient temperature for the secondary flow).

Results show, with a maximum difference of 4 K, that full mixing assumption is nearly
to be fully verified.

Following this comment, the difference between experimental and calculated temperature
derives from the difference on mass flow ratio.

The experimentation is not finished yet and during the nixt tests different primary
to secondary area ratio shall be tested while a build of the AR 180.10 turbojet engine
has been already prepared with an ejector system where a primary to secondary area ratio
of about 1/6 is obtained.

Fig. 17 and 18 show theoretical results obtained for the AR 180.10 - ejector configu-
ration prepared for experimental tests. The value of AE/A c has been chosen in order to ob
tamn thrust augmentation till 150 m/s forward speed.

4. CONCLUSION

Synthesis performance prediction programme and ejector simulation matching has been
obtained for both turboprop and turbojet engine.

The accurancy of the complete system performance prediction has been shown to be very
high for turboprop engine.

For turbojet engine satisfactory results have been obtained but AR 180.10 test bed re
sults will represent the most significative confirmation of theoretical and experimental
tests already carried out.
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ON THE INCLUSION OF INFORMATION ON EDDY STRUCTURE
IN SECOND-ORDER-CLOSURE MODELS OF TURBULENT FLOWS

Coleman duP. Donaldson
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1800 Old Meadow Road, Suite 114
McLean, Virginia 22102

and

Guido Sandri
Aeronautical Research Associates of Princeton, Inc.

50 Washington Road, P.O. Box 2229
Princeton, New Jersey 08540

SUMMARY

A brief review of some of the difficulties inherent in second-order-closure modeling
is given. In particular, the impropriety of using "universal" single-scale equations in
closing the equations is discussed. The results of defining a simple tensor scale and
deriving equations for its components from a moment expansion of the two-point correlation
tensor equation are discussed. These results are compared with experimental data from
nearly homogeneous shearing flows, and suggestions for further research are put forward.

INTRODUCTION

Over the past fifteen years, advances in computer technology have been such that it
is now practical to use second-order-closure methods for calculating turbulent flows on
many engineering problems. Since such calculations give more information than the older
eddy viscosity methods, they are starting to be used widely by the engineering community.
These methods are not universally loved and admired. Indeed, there is a very articulate
group of experimentalists who maintain that the methods are invalid in principle because,
according to these experimentalists, they take no account of the rather orderly procession
of structures that are found in turbulent flows.

In view of this split in the turbulence community, the authors would like, in what
follows, to review briefly the nature of second-order turbulence models, discuss some of
the shortcomings of various levels of closure, present some ideas as to how eddy structure
might be considered within a second-order-closure method, and give some examples of how
the inclusion of such information affects the outcome of calculations for homogeneous
shear flows.

1. MODELING AND THE APPEARANCE OF SCALES

The authors will assume that the readers are, in general, familiar with second-order
turbulence calculations and know that equations for the mean flow and some second-order
turbulent correlations are solved simultaneously to predict a given flow. In what follows,
we will assume that a full closure is considered and that we are required to model certain
terms that appear in the equations for the Reynolds stress correlation

D <uiuj> _k\u k\U 6uiuuk>

Dt -<uiukk "u<u/ ik " iji ,k

S- <Pui>,j _ P-1 < Puj >i + P-1 <P(ui,j + uji)>

+ Vg <uuj >,. - 2vgm<ui,mj,n> (1.1)

Let us consider here the modeling of several terms. We start with the third-order
velocity correlation <uiuiuk > . The simplest way to make a third-order covariant tensor
out of the second-order co ariant tensor <uiuj> is to take a covariant derivative of
this quantity. If we do this and note that <uiujuk> is symmetric in all three indices,
we can write

<Uiujuk>. <Uiuj>k + ukui> j + <ujuk>,i (1.2)

The quantity on the right-hand side of this expression has all the tensor and symmetry
properties we require, but it does not have the right dimensions. We can remedy this by
multiplying by a scalar formed from a length and a velocity. We choose a length, say AU
and take as our velocity

q = <uiui> %  (1.3)

and thus write

<u ujutk> - AU(q<uiuj>,k + q<ukui>,j + q<ujuk>, ) (1.4)
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This is a model of the velocity diffusion correlation. It is certainly not the only one
we can write. But let us note here that a major assumption has been made if we assume
this model, or for that matter any model that changes only the quantity inside the
parentheses on the right-hand side of Eq. (1.4). The tacit assumption that we have made
is that, although we know that the scales of turbulence are not the same in all directions,
one scale alone is sufficient to describe the diffusion of turbulent correlations by the
action of the turbulent environment. As we will see, this assumption of scalar scale
prevails in most of the second-order-closure modeling that has been done to date.

Let us consider the modeling of another term, namely,

-1 <p (uij u ,i) > (1.5)

The tensor and symmetry character we need is contained in <uiu-> itself. However,
continuity requires that the term we are modeling becomes zero If contracted, so we write

P-l1<p (uij + uji)> , uiuj - 2ij (1.6)

The dimensions are not correct and we fix this by multiplying by a scalar formed from a
length AI and the velocity q ; thus,

~1K~u ~+ u i)> _q ~-u uj 2 ~ (1.7)

Note again that in proceeling as we have, we have assumed that all components of turbulent
energy always approach q /3 and do so at the same rate. This is certainly not true for
certain stratified flows. Nevertheless, it is inherent in our choice of the single scale
A1 •

Let us consider one more example of modeling. Let us model the dissipation term

2vgmn <ui ,muj ,n> (1.8)

The tensor and symmetry characteristics we require are contained in <uiuj> so we might
be inclined to write

Kuiu.>

AD

This is not so bad at low Reynolds numbers but at high Reynolds numbers we know that dissi-
pation is roughly isotropic, so a more useful model is

2
2vgmM <ui ,muj ,n? = 2 vgij __97 (1.10)

Let us assume, for the time being, that we choose as our models Eqs. (1.4), (1.7) and
(1.10). The problems which now face us are still formidable. The following questions
arise:

a) Can one choose a universal relationship between the A s and X ?

b) Assuming one can accomplish this task, for example, let us set (see Ref. 1)

A1 5 A (1.11)

AU kUA (1.12)

and

= A2/(a + b qA/v) (1.13)

Then is it possible to find a universal equation for A ?

(c) If one cannot find a universal equation for A , can one find a single equation
valid for a restricteO set of flows - nonstratified, nonswirling shear flows for example?

(d) Even for a restricted class of flows, will nore than one equation be necessary
to adequately describe the behavior of the scale of turbulence?

These are some of the questions we would like to address in what follows. Before
discussing the problem of scales, it might be helpful in this brief review to make some
comments regarding complete versus partial second-order closure.

2. PARTIAL VERSUS COMPLETE CLOSURE

In the world of engineering at the present time, partial second-order-closure methods
predominate over complete closure methods by a significant margin. It is important to
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know what information is lost in going to a partial closure. In many cases, the informa-
tion lost is recovered by use of equilibrium nondiffusive or algebraic stress modeling.
In these methods, the dynamic equations are used to solve for the turbulent energy q
and a scale A and then the equilibrium values of the other correlations are computed
from the equilibrium values o < uiuj>/qZ . This does not always give a proper picture
of the physics. To examine this point, let us consider two restricted cases of flow: a
two-dimensional shear layer and a two-dimensional axisymmetric flow. We will consider
only the production terms in the equations so that the phenomena we will demonstrate have
nothing to do with modeling.

2.1 Two-Dimensional Shear Flow

The appropriate equations for the substantive derivative of the pertinent second-
order correlations are

Streamwise fluctuations - 3u (2.1)

Fluctuations in the direction of w 0 (2.2)
mean vorticity Dt

DvvNormal fluctuations = 0 (2.3)Dt

Momentum transport uU (2.4)Dt a.

We can see a characteristic of the behavior of the solution by writing

au (2.5)

Using the operator D/Dt on this expression, under the assumption that (uv> changes
far more rapidly than BU/ay , we have

D2 2
2 <uv> (2.6)

Dt a

Substituting Eq. (2.4) into (2.6) yields

D22 2
-2vv>(a) (2.7)

We can see from Eq. (2.7) the form of the exponential instability caused by he production
terms in wo-dimensional shear flows. Let us take <vv> proportional to q , say
<vv> = q5/3 - then

q2 ff 2 e ~~uay(2.8)
q qO e(28

2.2 Two-Limensional Axisymmetric Flow

The appropriate equations for this case are

StreamDise fluctuations 1 -2(uv> (rV) (2.9)

Fluctuations in the direction of Dww> - 0 (2.10)
mean vorticity ut

Normal fluctuations D uu i 4 <uv> Y (2.11)

Momentum transport - -<uu) (rV) + 2(vv) M  (2.12)
r ar r

Consider now an approach using q2

t_ -2(uv >(.; - Y)(2.13)

This looks very much like Eq. (2.5). We get, upon operating as before and substitution
of Eq. (2.12)
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2 
2

We might be inclined again to put (as before) <uu> = <vv> = q 2/3 in which case we
would get

2 2 42131 (aV/ar) - Writ
q = q0 e (2.15)

which is just like Eq. (2.8) with the deformation rate DU/ay replaced by the deformation
rate 3V/3r - V/r . But this result is incorrect, as can be demonstrated by operating on
Eq. (2.12) with D/Dt and substituting Eq. (2.9) and Eq. (2.11) for D<vv> /Dt and
D <uu >/Dt . If these operations are carried out, one obtains

S= -8 (rV)< uv> (2.16)
r ar

If we write V in terms of the circulation, that is

V = r/27r (2.17)

then Eq. (2.16) becomes

D 2 < uv> 2- (2.18)

Dt TT r

From Eq. (2.18) we see that the character of turbulent production is markedly different
depending on whether arL /r is positive or negative. If arF/ar > 0 in a free vortex,
the f]ow tends to be stable. If aF

2
/ar < 0 in a free flow (the edge of a propeller

wake), the flow tends to have Taylor-like vortical instabilities.

The purpose of the above discussion is to warn the engineer unfamiliar with second-
order-closure methods concerning the use of these techniques whenever the unmodeled
production terms tend to admit oscillatory solutions for the transport correlation.

3. SCALE MODELS

We should point out again that the discussion in Section 2 was independent of
modeling although the exact details of a given solution do dipend on the details of the
model used. In general, models today have an equation for q or for all the independent
components of <uiui> and an equation for thq scale A or for the dissipation E which
at high Reynolds nuiber is proportional to qa/A (as may be seen by combining Eq. (1.10)
with (1.13)).

We would now like to address the question of whether or not it is possible to
construct a single universal scale equation. Intuitively, one might guess that this
would be impossible, and computationally one finds that the "constants" in the scale
equations that are used can be adjusted to give better results if a certain set of
constants is used for, say, two-dimensional jet flows and another set is used for axisym-
metric jet flows. There are a number of ways in which this problem might be addressed
but, for the present, we will consider what can be learned from the use of a very simple
tensor scale AiA that can be obtained from a model of the equation for the two-point
correlation tens r Rij :

R ij (X,) = <ui(X)u O (Y)> (3.1)

with

R . (x,x) = (3.2)

The scale that we shall consider is

A 3 ( f Ri (x ,r)
Ai4 (x) 7 c dr (3.3)

q 4rr

Here, r - x and xc = (x + y)/2 . This definition ib by no means ideal for
describing the structure of aii eddy, but it does give some information about the structure
of a turbulent flow and, as we shall see, will help make specific some of the shortcomings
of a single universal scale equation.

To obtain a differential equation for Aij , we take three steps:

a) Develop a closure model for the Rij equation so that when y x x , we obtain our
standard <uiuj> equation.

b) Substitute into the closed Rij equation the moment expansion
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2 1 2a
R (x r) - M 4r26(r) M 1ijMik 4 r 6(r) + ... (3.4)

Note that by integrating over all r , one finds

2
M j Aij (3.5)

c) Integrate term by term over all r in the modeled Rij equation.

A simple choice for a modeled Rij equation with which we have some experience
(Ref. 2) yields

at + + Aik X Jk a-xk

V I U (qA) + q2 A + V 2  Ai

_ ̂ _
A ( [ij (ij A i

where A is the single scale utilized in the standard model and in the universal scale
equation. We identify A as follows:

A = Akk (3.7)

because for locally isotropic turbulence, A = 2Lf/3 where Lf is the Taylor longitudinal
scale, a relation supported by analysis o a number of flows. Taking the trace of Eq.
(3.6) and subtracting the equation for q , we find the rate equation for A , namely,

3A +U + 2 A)] - , q  
BXkU  vc q

- kxkA+ A 3 .~ q k x kk Xk2

(3.8)

Here we note that the coefficient of the production term, which is underlined in the
above equation and which, by the way, is not a modeled term, is not a constant as has been
assumed in many of the universal scale equ-ation models.

To cast Eq. (3.8) into a form more like one of the universal scale equations in use
today, we will assume that the structure of Aii depends linearly on the anisotropy of
the turbulence through a parameter o . This 1 a very restrictive isumption but, as we
shall see, some interesting results can be gleaned from its use. Substituting

^ij 36j <uu
q

into Eq. (3.8), we obtain

3A A lu u 3U V c F 21 3 2+UL- -2 ( 1-l < > + - L- qA L- (q A)I -AL- qA 2 I> +-T k axk q q axk q j -axk 3Xk xJ

+ v q (3.10)

30+UD 2 12  <u>a
We may also obtain an equation for o from Eqe. (3.6) and (3.8). It is

3t k~x 3ujuj> <u~uj> - q4 /3/ q 7 Txn+

+c. [fL- qA L- (oA)] -a 2- qA aA (3.11)
+t' axkL axk ax 3 k ax k JJ

A lesson to be learned from Eqs. (3.10) and (3.11) is that the structure of turbulent
- - in different types of mean flow mitigates against the use of a universal scale

. n an,] that, at the very least, a second equation is needed to determine the
,.n that appears in the A equation; i.e., the factor -21(o/3) -11 . It is not

• .proceed in this approximate manner, however, since Eq. (3.6) is a perfectly
41;n for all components of the tensor Aij .

o.nin to be learned from Eqs. (3.10) and (3.11) is that there can be no
-li riwum solutions to the equation for A . This seems reasonable since
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A grows at the rate of development of the mean flow, and this time scale is slow so that
equilibrium solutions are not, in general, possible. On the other hand, there is a non-
diffusive equilibrium solution to the a equation for any given type of flow. We inter-
pret this to mean that the structure is able to quickly distinguish what it ought to be
for a given type of flow, while the actual scale is only determined by the development
of the particular mean motion.

It is instructive to examine our equation for o somewhat further, although it
should be remembered that this approximate equation can give only a qualitative picture
of the real physics. Let us ask for the equilibrium, nondiffusive solution of Eq. (3.11)
for the case of equilibrium, nondiffusive Couette flow as determined from the high
Reynolds number form of the equations for the components of the one-point correlation
tensor <uiuj> , namely,

uxk 1> (u u )x (uUk) - - k - ui uuk > +
<uu kak 13 j k 3 k) k Xj k k

-p Pl i>j + Kpuji [<uiuj> - q q2] 2b 3 (3.12)
P i 6i LT

The equilibrium, nondiffusive solutions are (for b = 1/8)

<uu> I + 4b _ 0.50 (3.13)
q-1- O--- Oq

<wv> <ww> 1 -2-- 2 = - = 0.25 (3.14)

q q

b// b 0 1 7 7  (3.15)
q

and

q =1 - 2b 2 (3.16)

A(DU/ay) 7--

Since the term

4q

<uiuj> <uiuj> - q4 /3

in Eq. (3.11) turns out to be positive when it is evaluated using Eqs. (3.13)-(3.15), the
only non-negative solution for a permitted in this case is o = 3 . Thus, for homogen-
eous shear flows, we might expect the term in front of the production term in the scale
equation, Eq. (3.10), to be zero. In actual practice, the term -2(o/3 - 1) is taken
equal to 0.35 for two-dimensional shear layers. This implies a a of 2.48. In the
section which follows, we will show that indeed the correct value of o for a developing
homogeneous shear flow is 3. What, according to Eq. (3.11),is the cause for the lowered
value of a generally used in nonhomogeneous flows? It appears that a principal contri-
bution to the value of a is the diffusion term. It is not surprising then that, if one
were to consider a two-dimensional and an axisymmetric jet, one would expect to use a
different a in the two cases. This is because the effect of diffusion is quite different
in these two cases.

4. HOMOGENEOUS FLOWS WITH COUPLED STRESS AND TENSOR SCALE EQUATIONS

In this section, we give two analytic solutions to the coupled equations for the stress
tensor and scale tensor equations. The second solution will be compared in some detail
with experimental results as well as results obtained using more conventional approaches.

4.1 Equations in Standard Coordinates

The centroid vector and mean velocity vector are taken to have components

(x,y,z) , (U(y),O,O)

with aU/ay - U' = constant. The relevant components of the Reynolds stress equations are
t ied from Eq. (3.12). There is a useful form for numerical integration in which
u and A,, are calculated from

Ku 2  q 2  u K 2  (-u 2 (4.1)

Al1 = 3A - A2 2 - A3 3 (4.2)
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The other relevant components of the stress and energy equations are

at 2 3 ' A 2\

at (.2,u 1 ~ (1 - 2b) R -R(\u 3  / (4.4)

a 24' -~<~ 2  (4.5)

a - qU U' - b Aq (4.6)

For the tensor scale components, we obtain, using Eqs. (3.6), (3.10) and (3.12),

At 22 - T A22 + (I - 2b)q(47

at A3 3  T A3  + (I - 2b)q(48

A 12-- U'A(49
A 12  22(4)

atA = 2 <Uu>U'A - A12 U' + v'q (4.10)
q

where

T = u2 U '> + -q (I - 2b - v') (4.11)
T 2 2A

q

and we have shortened our notation by writing vc2  v'

4.2 Solution of the Shearless Equations

Setting U' = 0 , we see that equations for q and A decouple from the tensor
components. Introducing the deviators

d i j> I. 6jq2 (4.12)

D A. A (4.13)

13 ij 3 ij kk

and the time

(4.14)
q

we have the set

a q b q _ , A (4.15)

Ld !! - d LD I l2b -v D..416at ij T 'j at ij (416

a T b + v' (4.17)

Integrating Eq. (4.17) as

7 (b + v ')(t - to) + _(4.18)

we see that q A ~d i and Dj are suitable powers of (q0/T0)T for example,

q =qo [b v') !q0 (t - to) + 1] -b/(b+v') (4.19)
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-l/(b+v')
d d b + v') - to) + 1 (4.20)

qo iA-v /(b+v')

A = A (b + v') ! (t - to) + 1 (4.21)

A good fit to experimental data on the decay of turbulent energy and the growth of
eddy size for grid turbulence is obtained if one chooses

b 1/8 , v' 0.075 (4.22)

We then see that for large times

2 0 !L 0 t 
(4 .23)

d di 2 0 t (4.24)

which shows that the deviator decays with a power about four times larger than the energy.
This substantial difference may eventually be checked in our anisotropic grid flow.

4.3 An Exact Solution of the Equations with Shear

To obtain a solution of the equations with shear that is an asymptotic solution
valid at times when initializing transients have disappeared, we let

q = V ea
U 't A= L eaU

't

2~U

< u 
2  > = W I e 

All 
= L I  e

a U ' t

< u 2 > =W e2aU't A = L eaU' t

K u 2 = W2 e a tA 2 2  = a t(4 .25)

<u 3
2 > =W3 2aU't A33 L 3 eaU't

<ulU2 > = W4 e2aU 't = L4 eaU 't

Substituting these forms into the appropriate differential equations, we find that
the exponentials cancel and that an algebraic set of equations for the amplitudes is
obtained. It is possible, with some algebra, to solve the amplitude equations explicitly
in terms of the parameters b and v' . The energy components are (with b = 0.125 and
v' = 0.075)

< i + 6v' + 4b
I- -3(1 + 2v') . 565 (4.26)

q

2 > u> 1- 2 b 1 -0 217 (4.27)
_T_--,r- = 3 17F2-v'rq q

The scale components are

Al l  i + 6v' + 4b
I + 2v' 1.696 (4.28)

22 33 1 - 2b 0.652 (4.29)

We see that

11l _ u 1 + 6v + 4b - 2.60 (4.30)
IF -_ 25

K2
2

The off-diagonal components are
. u u2> 1

Br 1 2 - ( - 0.194 (4.31)

q2
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A 12  1
/ i 3(l -2b)(b+v') - -0.194 (4.32)

The Corrsin parameter is

C o + 4b+> =6v3 0.55 (4.33)

The ratio of the two times is

i X I-2b
0.972 (4.34)

and the growth rate, a , is

a - v' 1 v /-! - 2b 0.073 (4.35)
ffi T € 3(b + v')

We notice two additional interesting parameters:

<ulU2 > U'A=v
-----2---'t- a •Br = b + v' = 0.200 (4.36)

q

- < >ij Ku -> 6 'i (4.37)

As we have noted in the previous section, this last condition is equivalent to
a = 3 . Also note that for this coupled, asymptotic, convective solution that ratios of
< uiu->/q2 and the Bradshaw number <Ulu2 >/q

2  
and the value of q/(AaU/ay) have been~modified slightly.

4.4 Comparison with Experimental Results

It is now appropriate that we consider the agreement between these theoretical
results just obtained and experimental measurements. The measurements we will make use
of are those of Harris, Graham and Co rsin (Ref. 3). Fure 4.1 is Figure 3 from Refer-
ence 3. It shows the growth in Ku>, <u2 > an u in a constant shear flow.
For these measurements, Uc was 1240 cm/sec, U' = aU/ay = 48 sec -l and h = 30.48 cm.
Also shown in the figure is the behavior of the Corrsin number

-< >u2> / 1u2>Ku22>
Since we expect, after an initial transient, that the flow adjusts to an exponential
solution with certain parameters constant, we plot faired results from Figure 4.1 in semi-
logarithmic form in Figure 4.2. It is apparent from Figure 4.2 that an exponential solu-
tion has been reached at an x/h of approximately 8. We note that the growth rates in
terms of x/h may be written

<u2 > ,< e2a c x/h

On the figure we have indicated the ac's that best fit each curve. An average of these
values gives ac - 0.087 or, let us say, ac - 0.09. To compare these results with the
theoretical results just given, we must multiply ac by Uc/hU' - 0.848 which gives
a - 0.076. This is not in bad agreement with the theoretical value of 0.0729.

A program has been written to solve the full set of coupled <uiui> and Ai
equations, namely, Eqs. (4.1) through (4.18) and the result of a computation of 1 versus
both dimensional time and nondimensional time

U'At - - (4)-hr (4.38)

is given in Figure 4.3. It is seen that although the growth rate of q is well predicted
the actual values of q are some 20% in error and remain so in the asymptotic region of V
the solution. This is not good but we will discuss a possible cause of this error after
we nave exhibited the agreement between experimental results and all the parameters we
have derived for the exponential behavior of a homogeneous shear flow. These comparisons
are shown in the second, third and fourth columns of Table 4.1.

It is not difficult zo show that other simpler, second-order models of turbulent flow
have exponential asymptotic solutions in the case of homogeneous shear flow. In Table 4.1
we also show the theoretical results for the following models:



25-10

a) A full closure in the case of the < uiu > tensor and the single scale equation

dA
d-TE 0.35 A <uv>U' + v'q (4.39)

q

b) A q - A model constructed from

L = - <uv> U' - bg
2  

(4.40)
dt q A

T- 0.35 -4< uv> U' + v'q (4.41)

q
together with the assumption that

<uv> = -0.33qAU' (4.42)

Table 4.1 Comparison of Theoretical Predictions and Experimental Results
for the Asymptotic Solution of Homogeneous Shear Flow

Theory

Parameter Experiment Full Closure Diff. Full Closure Diff. q - A Diff.
(x/h = 11) Tensor Scale % Single Scale % Model %

Br = - (uv> .4
.149 .1944 25% .1839 19% .221 33%

q

Co = - <uv> .47 .5547 16 .5207 10 NA -
/<u-u> <wv>

q/AU' .67 .972 35 1.242 46 1.492 55

a .076 .0729 4 .0287 165 .0345 120

<uu>/q2  .502 .5652 11 .5220 4 NA -

<vv>/q 2  .199 .2174 8 .2390 17 NA -

<ww>/q2  .299 .2174 38 .2390 25 NA -

w> + <-> .498 .4348 14 .4780 4 NA -

q2

4.5 Discussion of Results

An examination of Table 4.1 is instructive. First of all, the tensor scale model.
with only two adjustable constants which were set from an experiment on grid turbulence,
seems to do the best overall job. It gives by far and away the best prediction of asymp-
totic growth rate. The single scale model as normally used (which has the added para-
meter c = 0.35) is pretty good on all quantities except q/AU' and the growth rate, where
it is very poor indeed. The approximate q - A model which has still another adjustable
parameter does least well for the parameters chosen which are typical of those boundary-
layer-like flows.

A most interesting result is found if we make the assumption that, as indicated by
the theoretical developments we have presented, the "constant" in the simple scale
equation should be zero and not equal to 0.35 for homogeneous shear flows. If we do
assume c = 0 in this formulation and find the asymptotic values of the basic parameters
for homogeneous shear flow, we obtain almost the same values of the parameters that were
obtained using the tensor scale equation. This is not surprising since the two formula-
tions are now very similar. However, it must be remembered that it was the tensor scale
equation which, when solved for homogeneous shear flow, showed that the production term
should disappear from the scale equation.

If one puts c - 0 in the q - A model we have concocted, the growth rate and the
Bradshaw number become too large (0.0963 and 0.257, respectively) while the parameter
q/AU' drops to 1.284 (which is not a great improvement).

What we really don't like about the present theoretical results are the disagreements
between the theoretical and experimental values of the Bradshaw number and q/AU' . In
addition, the improper partitioning of the energies is bothersome. We believe the two
problems are closely related and that a tendency-towards-isotropy that consists of more
than the Rotta tensor that was used in these calculations is essential. It is clear that
the asymptotic solutions of the coupled full closure and tensor scale equations, together
with experimental data such as that we have just been using, provide an excellent frame-
work within which to study this problem.
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5. CONCLUSIONS AND RECOMMENDATIONS

In the previous sections we have reviewed some of the characteristics of second-order
modeling as it is currently used. One of the primary criticisms of these methods has
been that they take no account of the structure that can be found in turbulent fields by
modern instrumentation. We have given an outline of how, by the use of a simple defini-
tion of tensor scale, second-order-closure models might be extended to take account of
information on structure that can be gleaned from the two-point correlation equations.
The tensor scale used is certainly not ideal for this purpose, but it was used not only
because we are familiar with it but also it illustrates many features that will be
exhibited by any other definition of tensor scale.

We believe we have demonstrated two things in the results presented.
First, we believe we have shown that there really cannot be such a thing as a univer-

sal scalar scale equation. Hence, we believe that any steps taken to improve second-
order-closure methods in the future must include, among other things, the derivation from
appropriate models of the two-point correlation tensor equations multiple scales which
will give some indication of the structure of the turbulent eddies that exist in a given
mean flow. The method we have used here defines a tensor scale and uses a moment expan-
sion to look at some general features of the structure problem that can be derived from
a particular definition of tensor scale. The method is a good approximation for homogen-
eous flows. It is less justifiable for nonhomogeneous flows. However, we believe that,
at the present time, it bears a relation to a more complete formulation much like eddy
viscosity methods bear to more complete formulation for calculating the Reynolds stress
correlation <uiuj > .

Second, we believe that we have shown that the homogeneous shear experiments are very
powerful tools for the modeler. We believe that they do indeed have asymptotic solutions
that are exponential and that when the asymptotic state is reached certain nondimensional
parameters become constant. Since the asymptotic value of these parameters can be
computed from a given model (see Eqs. (4.31) through (4.37), the experimental results are
an extremely useful tool for the development of valid models. One reason the measured
values of these parameters are so useful is that they are independent of initial condi-
tions and, in the past, arguments over initial conditions have been used to cover a
multitude of modeling sins. On the other hand, with homogeneous flows, the modeler may be
able to help the experimentalist. If one looks at the data for the longitudinal integral
scale Lf in Ref. 3, one is hard pressed to fit an exponential growth rate derived from
that appropriate for all the other measured variables to these data. It is hard to
conceive of a solution that is linear in Lf and exponential in all other quantities
except the microscale which should (according to theory) be constant and according to
experiment is almost so. Therefore, one can pose the question, "Are the reported scale
data really correct?"

Perhaps, having posed this question, we should bring this discussion to a close on
the well-known basis that it is alright for an experimentalist to question a modeler, but
it is not appropriate for a modeler to question an experimentalist. Our own feelings are
that there should be more cooperation between modelers and experimentalists than is
evident at present. Be that as it may, we cannot bring this paper to a close without a
plea to those who would support experimental work to continue to support detailed studies
of homogeneous shear flows both in unstratified and stratified media. We believe that
such studies, when combined with efforts to calculate such flows, will rapidly advance
our understanding of turbulent shear flows and our ability to handle these flows
computationally.
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SUMMARY

A three-dimensional mathematical model of the basic V/STOL jet, and the flow in the
associated near-field, is constructed using a formal order-of-magnitude analysis. This
produces a parabolized approximation to the steady, time-averaged, three-dimensional Navier-
Stokes equations for a turbulent subsonic flow. A continuity-constraint finite element
numerical solution algorithm is identified, which independently enforces ordered phenomena
for solution of the equation system including transport equations for turbulence kinetic
energy and dissipation parameters. The numerical solution of the established equation sys-
tem yields prediction of core vortex roll-up, far-field deflection of the cross-flow, near-
field entrainment of the cross-flow into the jet, and wake flow reversal with additional
entrainment into the jet core. The primary causal mechanism is computationally assessed
to be the turbulence interaction on the upstream face of the jet, as verified by results
from a range of computational experiments. The results of these computational studies,
and the associated algorithm procedures are summarized in this paper.

1. INTRODUCTION

The injection of a high-velocity jet of exhaust (or air), at essentially right angles
to the aerodynamic surface and to the cross-flow induced by the aircraft forward flight,
produces an extremely complicated three-dimensional flow-field which can significantly im-
pact aerodynamic performance. The transverse jet is fundamental to many physical processes,
including V/STOL aircraft, and has been the subject of wide-ranging experimentation and
linearized theoretical analyses. The premier theoretical study was reported in the disser-
tation of Chang [1], who employed potential flow theory and bound vortex filament concepts
to predict the shape of the separation boundary between a uniform onset flow perpendicular
to a cylindrical jet. The basic concept of viscous-corrected potential flow theory has
been extended and refined to a great extent, c.f., [2,3]. Jordinson [4] conducted pioneer-
ing experiments on a cold, circular V/STOL jet that confirmed the horse-shoe cross-section
contours predicted by the potential flow models. However, his results also confirmed that
the V/STOL jet entrained portions of the injection plane boundary layer into the wake re-
ion behind the jet. This is not characteristic of a jet issued from an isolated orifice
5], and is perhaps the consequential contributor to alterations of V/STOL aerodynamic

characteristics.

The observations from Jordinson's data prompted considerable additional experimenta-
tion, c.f., [6-12]. McMahon and Mosher [8] obtained oil flow streaklines on the injection
plate that graphically illustrated the pronounced difference between a circular V/STOL jet
and the equivalent-diameter solid blockage. For the latter, the upstream and downstream
center-line stagnation points are connected by an apparent inviscid flow streamline. The
exterior flow is blockage deflected, while the flow interior to this streamline forms a
closed recirculation zone. The streaklines for the V/STOL jet exhibited detailed and sig-
nificant differences, except in the upstream stagnation region (indicating blockage-domi-
nance). Past mid-jet, the V/STOL surface flow is directed almost radially inwards. Down-
stream of mid-jet, two streamlines are symmetrically oriented separating the complex wake
interior flow from the deflected free-stream. The incoming streamlines, which divide the
the flow region into entrained or deflected segments, intersect the downstream-dividing
streamlines symmetrically, and a weak stagnation line appears to connect these two points.
Figure 1, from [9], clearly delineates the near wake streakline pattern.

Pitot-static pressure measurement of the basic V/STOL jet three-dimensional flowfiela
has yielded mean flow characterization well downstream of the plane of injection, c.f.,
[10-121. Figure 2 illustrates the essential geometry and coordinate system descriptions,
and "far-field" is nominally the region X1/D > 5, where D is the jet original diameter.

.Mosher [10] concludes, for an incompressible circular jet, that entrainment is the princi-
ple jet bending mechanism as the velocity ratio X = pjU4/p U2 increases. For the A = 8
circular jet, Kamotani and Greber [11] determined the l9cus of planes with unit normal paral-
lel to X1 . Resolution of the local velocity vector into scalar components in the local
Xj coordinate system renders visible the jet cross-section shape and the transverse counter-
rotating vortex. Figuye 3, from [11] shows the symmetric half-plane distribution of axial
velocity for the A = 8 circular jet at stations X1/D - 7 and X1 /D = 23, illustrating the
hallmark "kidney" shape. Since the jet brifice is axisymmetric, a characteristic of the
V/STOL jet in cross-flow appears as a preferential erosion of the potential core in the
near wake region, producing an off-plane double maxima. Figure 3c) shows the transverse
Plane velocity vector distribution at XI/D - 23; the vortex center is coincident with the
extremum axial velocity, Figure 3b). Additional data [12] for the X = 8 circular jet con-
firms the centered doub!-vortex structure as near to the plane of injection as X./D = 5.2.



26-2

These far-field data have been examined for similitude [12]; the definition of jet far-
field centerline trajectory over a range of velocity ratios is well correlated.

The physical size of the pitot-static apparatus has generally precluded data acqui-
sition closer to the injection plane than X1 /D z 5, although it has been attempted [13].
Additional experimental characterization of the basic V/STOL jet has thus been limited to
measurement of pressure distributions on the plate forming the injection plane [10-12,
14-15). Generally, the upstream pressure distribution appears analogous to potential flow
about a solid cylinder, confirming the oil-flow streakline data. However, an extensive
low pressure region, downstream and aft of mid-jet is a persistent characteristic of the
flat-plate V/STOL jet, yielding a (the) significant aerodynamic influence, since in reality
the injection plane is an aerodynamic surface. Alternative jet cross-sections and shapes
modify the details of the associated pressure distribution [15], but do not alter the
basic characterization.

A computational experiment [16], has assessed the key causal mechanism of the low
pressure region. A porous aerodynamic contour was assumed to exist, surrounding the jet
and separating the region of transverse flow affected primarily by blockage from that domi-
nantly influenced by entrainment. Computational experiments were conducted to optimize
agreement of computed surface pressure coefficient with experimental data on the airfoil
image on the injection plate. The computational experiments confirmed that the large low
pressure region was the direct consequence of the entrainment character of the V/STOL jet.

Fundamental insight into the dominant fluid dynamic mechanisms of the V/STOL jet in
cross-flow can (only) be gained by advanced theoretical and computational (as a sub-classi-
fication of theoretical) analyses. The experimental data have provided a basic characteri-
zation. The farfield velocity measurements confirm the preferential wake erosion of the
initially-circular jet cross-section, and the formation of a vortex pair. The axial velo-
city contours flatten broadside to the onset flow to produce a bluff rather than aerodynamic
cross-section. The action of the jet is to induce entrainment of the injection surface
boundary layer flow, producing a large region of low pressure downstream of mid-jet. How-
ever, while these data provide a rather substantial mean flow characterization of the basic
jet, the dominant causal mechanisms remain little better defined than being an interaction
between the jet and the cross-flow.

This paper summarizes a theoretical model of the basic turbulent V/STOL jet in cross-
flow geoihetry. The resulting , highly non-linear system of three-dimensional partial
differential equations, is amenable to numerical solution using present-day computer hard-
ware/firmware systems. A finite element algorithm is utilized, which ensures consistent
enforcement of the consequences of the mathematical assumptions and simplifications. Numer-
ical results are presented, confirming the robustness of the developed analysis procedure
in predicting each of the characterizations documented by the physical experiments for the
basic V/STOL jet.

2. THOERETICAL MODEL

The V/STOL jet in cross-flow configuration is a completely three-dimensional, turbulent
problem specification. No lower dimensioiial or non-turbulent analysis can yielda significant
prediction of the complex associated flowfield interaction. Therefore, there are only two
choices for governing differential equation systems: 1) the steady-flow three-dimensional
parabolic Navier-Stokes equations, and 2) the steady or unsteady flow three-dimensional com-
plete Navier-Stokes system. Solution of the complete Navier-Stokes system fora general tur-
bulent aerodynamic flow, using adequate grid resolution, is beyond the capability of present-
day computer hardware/firmware systems. However, the parabolic Navier-Stokes partial differ-
ential equation system, for nominally directed, turbulent three-dimensional aerodynamic flow,
is solvable on current computer equipment. This equation set is derived as a simplification
of the steady, three-dimensional time-averaged Navier-Stokes equations, which in Cartesian
tensor notation I " (l,j) < 3, and employing superscript tilde and bar to denote mass-weighted
and conventional tTme-averiging, respectively [17], are

L(;) • .0 (1)

L(;-, )  6 " + 06 + 0 (2)°
uxjLij P ij + u Y - j O0 (2)

ax) - i1 iJ " + uiai + q(
I.

L(;k) a 5 k + (C k ik + + a 0 (4)

flux vector qj are defined as

013 " P (Eij - 4 iJ~kk)/Re (6) qi= - (7)k ou,
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and Tuj is the Reynolds stress tensor. The fluid kinematic viscosity and heat condic-
tivity ae v- and K, and Eij is the mean flow strain rate tensor

ij - ,j (8)

Equations 4-5 are the transport equations for the turbulent kinetic energy and isotropic
dissipation function, as obtained using the closure model of Launder, Reece and Rodi [18)
for the pressure-strain and triple correlations. The various coefficients Cc are model con-
stants, Hanjalic and Launder [19], and

k Jiu:u (9) 3 [auju 6 j (10)

The parabolic Navier-Stokes equation set (3DPNS) is derived from equations 1-10
assuming the ratio of extremum mean cross-flow velocity component to axial (jet) component
is a number less than unity, and further assuming that:

1. the velocity component of the jet, parallel to the jet path,
suffers no reversal,

2. diffusive transport processes in the direction parallel to the jet
path are higher-order, hence negligible, and

3. the overall elliptic character of the parent three-dimensional Navier-
Stokes equations is enforcable through (iterative) construction of a
sjitable pressure field.

Viewing Figure 2, for the V/STOL jet, the x, (curvilinear) coordinate defines the jet path
mean flow direction with scalar velocity component Z, of order unity, i.e., 0(1). Hence,
in terms of order of magnitude, O(U2) __0() = 0(03) and 0(6) t 0(l). Then, the continu-
ity equation I ensures that the variation in i1 on x, must be the order of transverse plane

ax x 0(J-1 ) *

variations of u2 and u3; hence, for 2i- = 0(l), " - z -. The order of terms in

the momentum equations 2 can then be determined. For the 61 equation, since 0(P7u_) must

be 0(5), the term 1- ( uu) is higher order and discarded. The assumption that xl-diffu-

sion is negligible permits setting .- (Eii) = 0, hence O(Re) < 0(6- 1 ). Therefore, the

terms in ;12 and 513 involving 6 2 and 113, i.e. -- and - -l are both 0(6) andax2 ~l 1X1 I aX 3 9xU1jnegligible.

Deletion of these terms is the fundamental step in the parabolic approximation, since

their elimination removes the elliptic boundary value character in the direction parallel

to the jet path. The existence of -- (_P11i), which is 0(1), instills the initial value

form for the resultant equation, hence permits marching the s~lution for bi parallel to
the jet path direction. Therefore, the 3DPNS form, denoted L'i-), for the b, momentum
equation, is

L(P)u x a 2  '2= l x- L-uPu3 -, [03 = 0 (11)

In instances of interest to the V/STOL problem, x, corresponds to a curvilinear
coordinate. Therefore, the derivatives expressed in equation 11 are the co-variant deri-
vative, with the corresponding handling of unit vector variation. The 3DPNS form for the
energy equations is constructed in the same manner, yielding

LP(-H) = ( ,(p1 ) + H 0 U - do. + - q2 (12)

Equation 12 introduces the 3DPNS limited index summation convention, I < (i,j) < 3 and

2 < 2 < 3.
For the ordering analysis applied to the 62 and 13 momentum equations 2, pressure

variations in the transverse plane must balance the dominant order terms. Each trans-
verse derivative of uP and "-'- is 0(l), while all other terms are 0(6) and higher.

Hence, in the primitive form, equation 2 for 09, is an initial-value description on trans-
verse pressure gradient. The solution of these equations is made tractible by forming the
divergence of L(oiit). Retaining the 0(6) convection and 0(62) laminar diffusion terms for

generality, the 3DPNS equivalent of the transverse momentumequations L( 0 ) is [20)

LP(P) + a u + -= 0 (13)

Equation 13 defines an elliptic boundary value problem for determination of pressure 4
distribution in the transverse plane. The pressure field that satisfies this Poisson equa-
tion consists of complementary and particular solutions.

P(Xi) = Pc(Xi) + pp(xi) (14)
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The complementary solution is assumed to satisfy the 0(6) inviscid flow phenomena,

C 2xa + = 0 (15)

subject to the Dirichlet boundary conditions known for p(x1 ,x ). Elsewhere, an appropri-
ate boundary condition for Pc is homogeneous Neumann. The particular pressure p satis-
fies equation 13, less the convection term,

L(p - 0 (16)

P ax2 x3

subject to homogeneous Dirichlet boundary conditions on boundary segments where Pc is known.

The critical aspect affecting application of the 3DPNS equation set, to analysis of
the V/STOL jet, is knowledge of the boundary values for p(xl,x,), as required via assump-
tion 3 of the 3DPNS argument. Viewing Figure 2 the V/STOL jet is a fully three-dimensional
problem with elliptic coupling throughout in its entirety. However, if the "computational
box" surrounding the jet and the near field flow is sufficiently large in lateral (X,Y) ex-
tent, it is fair to assume that a potential flow pressure exists on segments of the box
boundaries. Therefore, the validity of the 3DPNS analysis is expected to be limited to a
region "close" to the injection plate surface, eg., 0 < x1 /D < 4, provided the lateral boun-
daries are sufficiently remote. For the reported analyses, the boundaries of the 3DPNS
simulation were placed at Ix o/D z 3. The associated complementary pressure boundary condi-
tion p, on the upstream and lateral side boundaries, were set by the farfield potential
solution for flow about a cylinder. The complementary pressure Pc at the downstream trans-
verse outflow boundary was determined using Bernoulli's equation, which admitted reversal
of the transverse flow and was compatible with the lateral farfield potential solution.

A closure model for the kinematic Reynolds stress u appearing in equations 2-5 is

required to complete the 3DPNS order analysis. For a stress-strain rate constitutive
equation [21], the lead terms of the kinematic form have been determined [20,22] as

2
2  E Ek (7

-u~i = -kaij + C4  Eij + C2 C4 E • (17)

tij remains the symmetric mean flow strain-rate tensor, equation 8, and Xi is a diagonal

tensor in principal coordinates.

a ij = _j1 ( u;)ai6ij (18)

The a- are coefficients admitting anisotropy, where a , a C1 , and a2  E C3  E a 3 , and the C

are defined by Launder et. al. [18]. In rectangular Cartesian coordinate coordinates, the
expansion and ordering of equation 17 yields

C[fk C2Cu ' 1 C kz

-uau - Mx-1 + J -- 2 x j

-Uuu* C3k - CzC4,ra [ 2 - 2WIaZ

k 3 Fa 1
-Uu . C3k -CZC4 - 2

equationsI- CC5+
L

+ 2aILLD-a -ax3  xl 0x3)J

- -'U c2c.ri 7 ( C. au +__L (19)

Thereupon, recalling the index Lonvection, I <i < 3 j~id 2 < < 3 tlie 2D0PNS forms for
equations 4-5 are



A0A113 907 ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT--ETC FIG 20/Il

FLUID DYNAMICS OF JETS WITH APPLICATIONS TO V/STOL.U

JAN 82

UNCLASSIFIED AGARD-CP-308A



26-5

ax1 - k ' k---- k ) ++ Ulu 1 
+

C 0 (20)

ax1  k6 ax uLP( ) - a- T(Pui, ) + 3 k-- I

3 x arC'U I UTk T E C 7 (21)

Upon assessment, the established 3DPN5 equation set 11-21 numbers one less than the
number of dependent variables defined. Therefore, equations governing higher order phenom-
ena must be included in the system. Since the 3DPNS momentum equation 11 is written on ul
only, both components of D, = {62,DO} are required determined subject to the constraint of
equation 1. The finite eleme,;t algorithm accomplishes this by enforcing a measure of the
continuity equation (error) on the soluLion of the 0(d) 30PNS approximation to the momentum
equations 2 written on 0 . Retaining the first two orders of terms, the 3DPNS transverse
momentum equations are

) = Li Ulu + u + u + - k + ++ 0 (22)

Equation 22 is of the form of equation 11 and employs the additional limited index 2 < k < 3.
The middle two terms in the second bracket are 0(1), while the remaining terms are all 0(6)
or smaller.

3. FINITE ELEMENT SOLUTION ALGORITHM

The theoretical model of the flowfield description of the turbulent V/STOL jeL in a
cross-flow has been constructed as the 3DPNS equation system 11-22. The members of this
set whose solutions are marched parallel to the jet path (xi, Figure 2) include equations
11, 12, 20-22. The remainder are constitutive or elliptic equations, which are solved at
each transverse plane and contain parametric dependence on xl. The general form for the
space-marched system is

LP(qj) = ".( 1q.) + a- pOqj + f + s+. 0 (23)
j ax1  axL~ IZ 1J

where fZ. and s( are specified non-linear functions of their arguments (on index j). The
solution domain g for equation 23 is the product of R2 and xl, for all elements of x, > xJ,
and for R2 spanned by the xZ = {x2,x3} coordinate system, Figure 2. The generalized dif-
ferential boundary condition on DQ = DR x x, is

Z(qj) = azqj + a, - qj; i + a3  (24)

where the ai are specified coefficients and Ai is the outwards pointing unit normal vector.

The initial distribution for qj on 0 R2 x x0 is

qj(x,,xi) q (x ) (25)

The finite element numerical solution algorithm defines the approximation q.(xxO
to the (unknown) exact solution qj(x,,xl) to equations 23-25 as

M 
x

qj(xi,x) , q.(x,,x1 ) E q (x ,X1 ) (26)e=1

where the summation 1 < e < M is over the finite element domains Re forming the (spatial)
discretizatlon of R2 . -The'elemental approximation is

ql(x£,.x) = {Nk(Xk)}T{Qj(xl)} e  (27)

where J(J) Is a free Index denoting Mpmbers of the column matrix {qh ), and sub- or super-
script e denotes pertaining to the eJJ1 finite element. The elements of the row matrix

{Nk(x ) T are the kth delree cardinal basis polynomials written on x, 2 < t < 3.

The functional requirement of any numerical algorithm is to minimize the error in q

in some norm. This is accomplished using finite element theory by requiring: 1) the gen-
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erated errors LP(q ) and X(q ) to be orthogonal to the function space employed to define

q3 , and, 2) the error in the discrete approximation LP( n) to satisfaction of continuity,

equation 1, be enforced as a differentlil constraint. These conditions are combined [203,
using a multiplier set t, to form the theoretical statement of the finite element algorithm
as

f{NLP(qh)d +B .R (Nk}Z(qh)dx+A"R(N}LP( h)d( E (01 (28)

Equation 28 defines a system of ordinary differential equations written on the coor-
dinate x1 , parallel to the jet path, Figure 2, in the form

[CJ(QJ}' + [U]{QJ} + [FLJ){QL} + (SJ} = (0) (29)

Using the trapezoidal integration rule, and substituting equation (29) yields,

{FJ} ({QJ)j+ - {QJ}j - j1{(QJ})+l + {QJ}j] (0 (30)

which defines a system of non-linear algebraic equations for determination of the elements
of {QJ(x 1 )}. The Newton iteration algorithm for equation 30 is

[J(FJ)]P+1 [6QJ}p+1 = -{FJ}+ (31)

3 +1 J+1

written on the iteration vector {SQJ), where

{nJ}P~l { QJ} + p+1 32jp+1 f }+ + {6QJ}P+l (32)

h in eqaio 28, +

For the elements in equation 28, 2 tAx1(J + k), and a measure of the

continuity equation (solution) becomes applied as the differential constraint. This mea-
sure, that spans R2 and vanishes as continuity becomes satisfied, is the harmonic solution
(xt ) to the Poisson equation

Lp(- )  ( a11( ) 0 (33)

The boundary conditions for 0 are homogeneous Dirichlet everywhere at farfield. Equation
33 becomes homogeneous as the error in the continuity equation I becomes negligibly small,
and 0 becomes null as a consequence of the boundary condition specifications. A detailed
discussion of the algorithmic embodiment of the differential constraint concept is given
by Baker [23].

4. RESULTS AND DISCUSSION

The principal requirements of the 3DPNS theoretical (and computational) model of the
V/STOL jet is to assess fluid dynamic factors dominating formation of the counter-rotating
axial vortex pair and entrainment of the cross-flow into the jet. For the reported results,
the 3DPNS solution domain R2 was defined as the symmetric half-plane, with the circular jet
located mid-domain, Figure 4a). For reference, Figure 4b) graphs the transverse plane
potential velocity vector distribution used to initialize Gt(x',x ) at the nodes of SI(0).
The tail of each vector is at a node, and the non-uniform discretzation is constituted of
M - 576 triangular finite element domlans R2 spanned by the linear basis {Nl(x )}. The
computation simulation requires solution of ea non-linear system of ordinary differential
equations. Hence, the members U1, al, R, k and c, must be initialized at the nodes of Q(O).

Secondly, since the finite element algorithm statement has transformed the elliptic boun-
dary value character of the 3DPNS equations, boundary conditions on all members of {QJ(x 1 )}
are required specified everywhere on M - 9R2 x x1. Basically, see Figure 4a line AB is
a symmetry plane, CDA is the farfield potential boundary, and BC is inflow/outflow with
vanishing normal derivatives.

The specification of suitable initial-conditions {QJ(O)} is in itself a problem,
since little data are available for guidance. For the present simulation, the initial
jet was assumed to be of circular cross-section, with constant axial velocity (distribu-
tion) 01 (xf) U . The initial 01 distribution exterior to the initial jet cross-section
was assumed constant, at a level smaller than the initial Jet velocity Uj. This constant
is required non-zero, to prevent the 3DPNS equation set from becoming singular, dependent
upon the imposed cross-flow velocity level U, (cf., the order of magnitude analysis)
Both the jet and cross-flow were assumed constant density and isoenergetic. Hence, R(xi )
constant, and the V/STOL jet velocity ratio is thereby A - Ui/U,,. With non-zero cross-
f.low, and following considerable numerical experimentation, the cylinder potential flow
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field shown in Figure 4b) defines OZ(O) outside the initial jet, and inside the initial
jet at(O) = 0. Thus, Bernoulli's equation yields the corresponding initial distribution
of PC on 0(0).

Defining suitable initial distributions for turbulent kinetic energy and dissipation
function is even more perplexing, since the interaction on the upstream face of the jet

is extremely complicated. In the total absence of data, a step distribution in turbulence
levels was assumed appropriate. The initial level of turbulent kinetic energy k was
assumed a distinct constant inside and outside the jet over Q(0). The initial dissipation
was also spejified unique constants, to produce desired levels f turbulent kinematic
viscosity v =_ C~k

2 /c) inside and outside the jet, eg., vt t v, within the constraint

vIj/V< 102. For v. 10i suitable levels were determined as k(O) = 0.0005 and c(O) =

0.0012 inside the jet.

Several validation test cases were executed for zero crossflow, U = 0, to firmly
quantify algorithm performance with regards to symmetries and robust conservation of mass.
The latter is particularly critical, since the sole mechanism for generation of uZ t 0 is
through continuity, which is employed only as the differential constraint on equation22, that
otherwise exhibits a null solution. The results of these tests are reported in [24] and
strongly confirmed algorithm viability.

The principal subject is analysis of a circular cross-section, subsonic V/STOL jet,
issued perpendicular to a flat plate into a subsonic crossflow at velocity ratio X = U.U =
10. The results of the validation test cases, and additional numerical experiments, pio-
vided the initialization procedure. The initial plateau distributions of axial velocity
6,(0) inside and outside the initial jet, and the reference crossflow velocity were set
at U.:Uj:U = 1.0/0.2/0.1, with Uj = 36.6 m/s (120f/s). The initial distribution for trans-
verse velocity uZ(0) is potential flow about a cylinder, Figure 4b). The initial levels

for turbulence kinetic energy k(O) > 0.0005 and dissipation (O) > 0.0012 were set at dis-
tinct constants, inside/outside the-initial jet, to produce the desired initial levels of

I <V t < 100. The reference Reynolds number based on jet o-ifice diameter was Re = 0.6 x l0

Figure 5 summarizes the 3DPNS algorithm solution in terms of the computed evolution
of the transverse velocity field on 0 < x1 /D < 1.25, for the initially-circular, turbulent
V/STOL jet in cross-flow, U.:U.:U = 1.0/0.2/0.1. The non-dimensional (on U.) extremum
tranverse scalar componentup~n which each figure is scaled, is noted in eagh legend as

Um. Figure 4b) is the initial condition, and Um = 0.174. The blockage effect of the jet
b~comes almost immediately evident, Figure 5a),tas is the beginning of entrainment in the
lateral (top) farfield. The transverse velocity field begins to penetrate the downstream
interface of the jet by x1 /D = 0.5, Figure 5b), and a decrease in the outflow in the wake
region is evident. This becomes considerably pronounced by xj/D = 0.75, Figure 5c), where
wake flow reversal has begun. The entrainment from the lateral farfield has also become
stronger with penetration on the lee side of the jet. The vortex structure interior to the
initial jet becomes fully developed by x1/D = 1.0, Figure 5d). The combined actions of
blockage, entrainment, wake flow reversal and axial vortex are each matured and clearly
evident in the solution at x1 /D = 1.25, Figure 5e).

The results of Figure 5 indicate the 3DPNS analysis procedure exhibits potential for
prediction of the near-field essential characteristic action of the elementary V/STOL jet
in cross-flow. In particular, the region of reversed flow and angle of the wake str.am-
line, Figure 5e), are in qualitative agreement with the oilflow streakline experimental
results, Figure 1. The generation of the axial vortex (pair) is in qualitative agreement
with farfield data, Figure 3. The jet boundary is not impervious to the cross-flow, and
the intrusion of entrainment is predicted on the downstream face of the jet. These results
are certainly influenced by the many decisions and compromise required to complete the
mathematical specification, in particular the initial conditions and size and refinement of
the computational solution domain. However, the impetus to attack these detailed aspects
is hopefully enhanced by these encouraging results.

Additional computational experiments were conducted to quantize the influence of
gross turbulence factor modifications. Figure 6 summarizes the results for the circular
V/STOL jet specification. Figures 6a)-b) show the transverse velocity field u on 0.5 <
x1 /D < 1.0, is computed holdingv = 10 a constant throughout the entire solution domaia.
Some farfield entrainment action occurs, but the nearfield crossflow appears almost negli-
gibly deflected. Figure 6c) shows the comparison solution at xl/D = 0.5, for the constant

t but with v. = 100. The jet is considerably more impervious to the crossflow. In com-
parison to Fiiure 5b), a somewhat greater deflection of the upstream farfield has occured,
and downstream penetrati n is essentially absent. For the complete 3DPNS simulation,
Figure 5, the extremum v? 160 was computed on the jet upstream boundary at xl/D = 0.5.
Clearly, the turbulence phenomena exerts a predominant influence on the predicted rtsults.

5. SUMMARY AND CONCLUSIONS

A mathematical model has been constructed for analysis of the near-field evolution of
the V/STOL jet in subsonic crossflow. The results of the computational simulations of a
circular V/STOL jet have yielded results of technical interest and anticipated merit.
Without initial-condition generated bias, and using the most elementary solution starting
Conditions, the 3DPNS solution predicted the essential evolution character in substantial
completeness. In particular, the simulation predicted lateral entrainment, axial vortex-
pair initiation and inducement of the wake flow into the jet region, antiparallel to the
initialized potential crossflow direction. These experimental documented features of the
V/STOL jet were generally lost when the turbulence field was artificially constrained, in-
dicating that the characteristic action Is a turbulence-dominated effect.
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It should be emphasized as well that none of the flow characteristics were conse-
quentially captured without robust enforcement of the (non-parabolic) continuity equation.
The developed constraint algorithm met the detailed mathematical requirements and accu-
rately enforced solution aspects related to the 3DPNS ordering analysis. In particular,
the finite element based algorithm maintained the (energy norm) error in exact satisfac-
tion of continuity at E(€,s) < 6. X 10"! for algorithm convergence set at e - 10 - . The
3DPNS algorithm averaged four-iterations per step for convergence, following a few extra
iterations to homogenize the initial condition specifications. The solution on 0 < x1 /D <
1.25 required less than 10 CPU minutes to execute, on a CDC CYBER/203 computer, using
200K single precision words of central memory.
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Figure I Oil Flow Streaklines For A Circular V/STOL Jet,
From Margason And Fearn [9].

Figure 2 Coordinate Description For V/STOL Jet In A Cross-Flow.
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Figure 3 Experimental Velocity Distributions, Circular
Cross-Section Jet, X - 8, From Kamotani and Greber [11].
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PREDICTION OF PROPULSION INDUCED EFFECTS IN TRANSITION
USING A MODIFIED JET WAKE MODEL

by

M. N. Walters and K. T. Yen
Aircraft and Crew Systems Technology Directorate

Naval Air Development Center
Warminster, Pennsylvania 18974

United States of America

SUMMARY

The prediction of V/STOL propulsion induced aerodynamics associated with the transition flight regime
by computational methods has been characterized by the inability to accurately account for the negative
pressures generated in the wake area behind the Jet. For those configurations which include surface area
innediately behind the jet, the inaccuracies generated in the prediction of the surface pressures in this
wake area dominate to the extent that gross errors result in the prediction of the induced effects for
the entire configuration.

This paper presents the results of a study undertaken to improve the prediction of the induced sur-
face pressures in the wake area without altering the existing accuracy for the area ahead of the jet. Two
short-lived, low strength vortices were incorporated into the wake area of the existing Wooler jet model,
with the location and strength determined from experimental data. The prediction of the induced surface
pressures on a flat plate resulting from the modified Wooler model improved the accuracy of the existing
model for a range of velocity ratios. The modified model resulted in significant improvement in the
prediction of the induced lift on a complete V/STOL configuration.

LIST OF SYMBOLS

a Distance from center of jet to location of wake vortex.

b Distance from center of jet to location of image vortex of wake vcr.ex.

c, d, e Vortex filament length components

C Surface pressure coefficient

D Jet diameter

El , E2, E3  Entrainment coefficients used in Wooler's jet model

AL Induced lift increment

r Radial distance from center of jet

R Jet radius

S Length of vortex filament

T Jet thrust

X, y, z Cartesian coordinates

u, v, w Velocity components

Um Freestream velocity

V Velocity

Ve  Effective velocity ratio, VW

'V Vortex strength

0 Meridlonal Jet angle

Subscripts

J Jet

p Panel control point

v Vortex
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INTRODUCTION

The V/STOL propulsion induced aerodynamics associated with the transition flight regime have a major
influence on aerodynamic characteristics resulting in large forces and moments being induced on tne air-
craft. These jet induced effects involve the interaction of the jet and freestream flow and are primarily
the result of four viscous flow phenomena: jet blockage, wake separation, entrainment, and vortex gene-
ration. Due to the complex interaction of these four phenomena, the individual effect of each component
has not been separated, making analytical and/or numerical prediction difficult.

Current existing prediction techniques applicable to the transition flight regime, references (1)
through (3), consist largely of potential flow computational programs with empirically derived jet models
to account for the viscous interactions which characterize transition aerodynamics. These techniques
model the jet quite differently dependent upon the approach taken by the developer.

One of the first methods, developed by Wooler in reference (1), combines distributions of sinks and
doublets along the calculated jet path to obtain the velocity field due to the jet interference. As
shown in Figure 1, the sinks are uniformly distributed along an axis normal to the freestream and account
for the entrainment characteristics of the jet. Their strength, which varies with the distance along the
jet, is dependent upon three empirically derived coefficients whose values were chosen to result in good
coorelation between experimentally and theoretically determined jet centerlines. The doublets are distri-
buted along the jet centerline and account for the jet blockage effect by creating a flow past an equiva-
lent circular cylinder. This model is effective in predicting the induced effects for aircraft configura-
tions which do not include surface area behind the jet. However, for those configurations which include
surface area behind the jet, this model, along with the other jet models for transition analysis, results
in predictions which underestimate the negative pressure experienced in the jet wake region.

Sink Distribution Doublet Distribution

X X

Um U.t

U J

Figure 1. Wooler Transition Jet Model

An alternative jet model was proposed by Fearn, reference (2), which involves a completely different
approach. Fearn's model assumes the two contrarotating vortices to be the dominant characteristic of the
transition jet and thus bases his model on the strength and location of these vortices. An extensive
series of tests were conducted to measure the strength and location of these vortices as a function of
velocity ratio and jet injection angle. The resulting data were then used to generate the equations
defining the strength and location of the two vortices. The prediction capability of this model has only
been compared to data representing the surface pressure coefficients for a flat plate, with results in-
dicating the same underestimation of the negative pressure coefficients in the wake area.

Beatty, in reference (3), developed the most recent prediction methodology for transition analysis
which enables the use of either the Wooler or Fearn jet model in combination with the Hess potential
flow analysis. The capability to predict the induced effects, however, has not been improved since no
wake modifications were made to either jet model.

As a result of the common deficiency demonstrated by each of these methods, this study was initiated
with the objective of modifying an existing jet wake model through an improved representation of the
physical flow process (as opposed to an additive or multiplicative empirical correction which has been
previously attempted). Wooler's jet model was selected as the basic model to be modified because of its
increased capability, being applicable to multiple jets and including sideslip effects.

APPROACH

The literature concerning the basic flow processes associated with a jet in a crossflow was reviewed
to determine possible areas of Wooler's jet model which could be modified to more closely represent the
physical flow situation. Three areas were found in which modifications were warranted which could improve
the prediction of the negative pressure coefficients in the jet wake region.
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Jordinson, in reference (4), presents pressure coefficient contours measured at various locations
along the jet centerline for three different velocity ratios. These contour maps, a sample of which is
shown in Figure 2, indicate the presence of a pair of short-lived vortices in the wake region for each
velocity ratio in addition to the well established pair of contrarotating vortices associated with a jet
in a crossflow. The existence of these vortices has not been directly dealt with in transition jet models
and since their presence would increase the local entrainment in the wake, incorporating these vortices
was a first step in the approach to modify Wooler's model. The initial location of vortices was deter-
mined from these maps with the path of the vortices established from data of subsequent measurements
taken further down the jet centerline for the same velocity ratio.

7

6C P 0.05 016 p0.10

z 0.20
030

3 -0.01

-0.02
2

-0.03.

-0.02

0
-2 -1 0 1 2

D

Figure 2. Pressure Coefficient Contour Map, Ve = 0.125

Having established the location and path of these vortices, their initial strength was determined
using the experimental data obtained by Mosher, reference (5). This data defines the location of a
stagnation point at the rear of the jet created by the interaction of the freestream flow and the wake
region of the jet, as indicated in Figure 3. The two vortices were combined with Wooler's doublet model
of the Jet to calculate a vortax strength which resulted in a stagnation point location and a streamline
flow similar to Figure 3. Tnis initial vortex strength was then allowed to decay to reflect Jordinson's
data which indicates the P'sence of these vortices beyond a height above the flat plate of 4.5 jet dia-
meters. Fearn's equations for vortex strength, reference (2), were used to calculate the variation of
strength with distance along the vnrtex trajectory, with modifications to account for the faster decay of
the short-lived vortices indicated by Jordinson's data. Velocities induced by these additional vortices
were then calculated using the Biot-Savart Law. The development of these resulting velocity equations
is presented in the following section.

The second area of modification resulted from a review of the oil film flow studies conducted by
Mosher in reference (5). Figure 3 shows two representative photographs of the flow variation with velo-
city ratio which resulted from this study. These photographs indicate an aft movement of the separation
point around the jet as the velocity ratio is increased, and a change in the streamline pattern indicating
that entrainment is related to velocity ratio. A plot of the separation point movement with velocity
ratio is contained in Figure 4, and forms the basis for the second modification to the Wooler jet model.
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(a) Ve 0.25(b) Ve = 0.125

Figure 3. Oil Film Studies of Streamline Pattern Variation With Velocity Ratio

A uniform distribution of sinks along an axis normal to the freestream flow, as shown in Figure 1,
is used in the Wooler model to account for the entrainment of the jet. To enable a variation of entrain-
ment characteristics with velocity ratio, and to reflect the movement of the separation point, the present
invariant sink distribution is varied by locating the two end points of the distribution line at the sepa-
ration points around the jet as illustrated in Figure 5. This will tend to localize the entrainment in
the wake region as the velocity ratio increases, reflecting the changing streamline pattern as shown in
Figure 3.

600
Minimum Surface Pressureatp

90* -

U .-. V 0.083

1200 . - -

a1 Surface Separation Pointa Wooler Sink Revised Sink .
Distribution Distribution Wake Boundary

1500 --- - - - - ---- 0.5180V 
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Velocity Ratio V
e

Figure 4. Location of Minimum Pressure Figure 5. Jet Sink Distribution Models
Point and Separation Point
Versus Velocity Ratio, I
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The third modification was indicated from a review of the work by Kamotani and Greber, reference (6).
Three entrainment coefficients, E , E , and E used in Wooler's jet model account for the crossjet entrain-
ment and parallel-jet entrainment! Eiperimenial entrainment data for a free Jet in hover flight was used
to determine E , with E and E being chosen to result in good correlation between experimentally and
theoretically geterminei jet cinterlines and induced surface pressures. Figure 6, from reference (7), in-
dicates the relative insensitivity of these coefficients to velocity ratio. Kamotani and Greber have ex-
perimentally determined directly that the coefficients vary significantly with velocity ratio and should
be a magnitude greater than those used by Wooler. Modification of the entrainment coefficients to reflect
the findings of Kamotani and Greber will also result in increased entrainment and constitute the third of
the three steps in the overall approach to obtain an improved jet model. Since the original entrainment
coefficients are in the form of constraints these can be replaced simply by expressions as a function of
velocity ratio to reflect the variation shown in Figure 6.

r EI Kamotani and Greber

.07 Reference 6 .40

06 .35

.05 .30
E 1  E2

.04 .25

.03 ---------- - .20

E2 (Based on Wooler,
.02 Reference 1) .15

----------- --- -- -----

.01 .- 10
4 5 6 7 8 9

Velocity Ratio V--
Ve

Figure 6. Variation of Entrainment Coefficients With Velocity Ratio

METHOD DEVELOPMENT

The development of the equations to calculate the induced velocities resulting from the two wake
vortices began with the use of the method of images to locate two image vortices inside the jet. These
image vortices maintained the circular jet blockage effect created by Wooler when the two wake vortices
were incorporated into the model. An illustration of the orientation of these vortices relative to the
jet is contained in Figure 7 along with a definition of the terms to be used in the equations that follow.
The trajectory and strength variation of these image vortices are calculated using the same procedure as
the wake vortices discussed in the previous section. Referring to Figure 7, the induced velocity equations
were derived by transforming the coordinates of vortices B, C, and D in terms of vortex A through the
relations

xv =bX v =xv =bXv
B  a A C A vD a A

- b Yv .... - vB a A C VA vD a A

Z Z Z 2z 2v B v Av C vA v 1) vA
ZB vA ZC ZA vD vA

Using the data of Jordinson to determine the path of the vortices, the vortex strength was then allowed
to decay to reflect the dissipation of the vortex indicated also by Jordinson's data. Fearn's equation,
reference (2), for calculating the vortex strength variation is

eS V6 e
'Y" 0.72 erf (4.304 ( )

ve s/
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and was used as a basis with the constants adjusted to reflect the increased dissipation of the wake
vortices.

Having determined the location, path, and strength variation of the wake vortices, the induced velo-
city from each vortex was calculated using the Biot-Savart Law, resulting in

4VvA 1 -Yv -p)e-(zv+zP)d]T + I(zv + Zp)c-(x v- x D)e]3 + .x - x0)d(y -yp )CJE

A[47r [(xv - x )2 + .y 2 +(zv  + )

b_ b +D e(zY +D d]b b b b ba
AV v [(z+z0 ) a-(i x- xp)e] 3+ [( xv  p) v ya
B 47r -x) 2 +y yp2 +v z) 2] 3/2

[(a xv -x p +(a. - y p,) (Z v+ z] 'AV Y(Yv + y P )e+(z v +zp)d f +th v+ zP)c.(x v xD) emn +-(xv RaXrag )dn + (y v +f t Ci
t 47r t(x v - xp yv y +u(z ho3 /2

bb b b rb b b

AV (a yp )e+(z ++ + )i -(ix -x e a- x )

u V0 I(y 2y~-(v bp~ (Z yv -pe(+ p d

D +) PL 2p)2] 2 1 3/2
-( a xv - x ) -(a yv ++yp e+)z+ (Zv +Zp a.d)

where (x , y , z ) are the coordinates of the vortex, (x , y , z ) the coordinates of the panel control
point, A(, d v -e) the lenths of the vortex filament egm,] nts' ? Rearranging the terms of the equations
tobtain the total (u, v, w) components of velocity injuced by the total vortex system and substituting
Rfor b trom the method of images relationship, ab . R , results in

a a

u -( 
v +  z)p(v )y ( v - y p)e-(z v +za v -La'd

v 4 x . X)2( -y) 2 +(Z +z )2] 3 [(/x _p2+( y y)+(z +z 2]3/2

Rx~2  R2 v p
(z + ZpC-X -( XX z v + Zp) c-(

2 
Y v - p ), v

2 2

-(y + )e+z + z )d-(-2 y + y)e+(z + z ) 2 d

2 + 2 3

[(v*) 2 *Y +Y 2 ( zz )(c2(v x~ 2~ )e 7> (z

(z + z2ec- (. 2 x )e

4 [ (xv x)+(y + yp) 2+(zv + a 2 ]/ XRv 2 R ) 2+ z )2] 3/2

[,v ,- -v .,p '., v p x -x -, ,v2 ,y p) ,(Zv 4

R2  2

z+ zp )c(xv - x +e v D a a v p
[x -x )z-(y~ ) )2+(z +z )]3/2  ae 2_ R z ) 2+(z +z~ 2] 3/2

R
2

2_2R
2  

_ 
2

(xx )d-(y - y )c (a-2 xv x A2 d-(-2~ y ac) 27 )2+y +(+ Z] 3/2 [@22]3/4W xv-x)+~~-~~+(~ z v- )+(12y )+( + zp)]

R R 2  R2  R 2
-(xv- x )d+(y~ + y )c +(j 2 x -x )j d+(E-2 y~ + y~)

(x-x)7-(-Yv + p)Z+(z v + z p)l Rj~ - x~ a _( v + 'p v( + )3/

These components are simply added to the induced velocity components calculated by Wooler's model to
obtain the total velocity induced by the jet.
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By Ref. 4 Data
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Figure 7. Schematic of Jet Wake Modification

RESULTS AND CONCLUSIONS

The resulting modified jet model was used to calculate the surface pressure coefficients induced on
a flat plate and the lift induced on a complete V/STOL configuration to detemine the extent of improve-
ment in prediction capability over the original Wooler jet model. Surface pressure coefficients were
calculated for three velocity ratios (V = 0.10, 0.167, 0.20). Typical comparisons are presented in
Figure 8 for the velocity ratio, Ve - 0.167. In this figure, the pressure coefficient predictions of the
modified Wooler model are compared with those of the unmodified Wooler model and also with the wind tunnel
test data of reference (8). The comparisons are presented for radial locations at several meridional jet
angles beginning with 0= 00 the location directly upstream of the jet. Results indicate a significant
improvement in the calculation of the pressure coefficients for all velocity ratios when compared with the
unmodified model predictions. In addition, excellent agreement is shown beteen the modified model pre-
dictions and the test data for each meridional angle with the exception of 0= 1800. Along this radial,
the highly negative pressure coefficients near the jet are not properly accounted for by the modified
model, even though a small improvement is shown over the unmodified predictions. These results are iden-
tical for the two other velocity rati% calculated indicating an effective cancellation of the induced
velocity by the vortex system at the t= 1800 radial.

0-
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0= 0 Degrees Cp* Experimental Data
-2 - Original Wooler Model

C (c) - odified Wooler Model

01 " l.:. . .-- , 0
= 
90 Degrees

0 Experimental Data, Reference 8 0-4
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- odified Wooler Model P.

0 -1(d)
C p -2 ./

pp S0= 135 Degrees

be)
-.- 0,4]so Degrees

0 10

rid O 1 2 3 4 

r/D I

Figure 8. Comparison of Predicted Results from Wooler Jet Model and Modified
Wooler Jet Model to Experimental Data for Flat Plate Configuration
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The modified model was also used to predict the induced lift of a V/STOL configuration used in the
wing tunnel test program of reference (g). This configuration, shown in Figure 9, is a clipped delta,
supersonic aircraft with a single jet located in the fuselage. The induced lift was calculated for five
velocity ratios, V , ranging from 0.05 to 0.25 with the results compared in Figure 9 with predictions from
the unmodified Wooler model and the test data of reference (g). A significant improvement is indicated
over the unmodified model with excellent agreement shown with the test data except for an extraneous data
point at Ve = 0.167.

-0.6 -* Reference 9 Data

- Modified Wooler Model
Original Wooler Model

AL -.

-0.4 0

00
-0.20

0.05 0.10 0.15 0.20 0.25

Ve

Figure 9. Comparison of Predicted Results from Wooler Jet Model and Modified
Wooler Jet Model to Experimental Data for Supersonic V/STOL Configuration

CONCLUSIONS

The increased accuracy of predicting the induced lift with the modified Wooler model indicates the
incorporation of the two wake vortices to be a significant improvement. This improvement is tempered
however by the discrepancy shown in the region immediately behind and near the jet, indicating the need
for continued effort in localizing increased entrainment in that area. It is anticipated that a further
modification of adjusting the sink distribution, as previously discussed, to reflect the increased en-
trainment with velocity ratio in the area aft of the jet will improve the prediction in this region.
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EFFECTS OF BUOYANCY AND ENTRAINM4ENT
ON HOT FREE JETS AND WALL JETS

BY

K. Gersten, F.v. Schulz-Hausmann, S. Schilawa

University Bochum, Federal Republic of Germany

SUMMARY

The flows of hot exhaust-gas jets are strongly influenced by buoyancy forces as well as
by entrainment effects which in turn depend on the location of the jets with respect to
the ground or other geometrical boundaries. When the hot jets impinge the ground, hot
wall jets develop along the ground, again under the influence of buoyancy and entrainment
effects.

The present work is a theoretical investigation of two-dimensional hot free jets and wall
jets including buoyancy and entrainment effects.

1. INTRODUCTION

During take-off and hovering of a VTOL aircraft the development of the hot exhaust-gas
jet flow is strongly influenced by buoyancy forces. In Fig. 1 two typical situations are
shown where buoyancy forces have a strong influence on the flow development of the jets.

According to Fig. la the path of the free hot jet is strongly affected by the buoyancy
forces. In a first approximation it can be assumed that the environment of the jet is
still air. In reality, however, the entrainment induces some flow in the neighborhood of
the jet. Hence, the path of the hot jet is the result of the mutual interaction between
the viscous flow within the jet and the induced flow field outside of the jet. The latter
depends on geometrical boundaries such as a ground plane or walls.

An integral method will be presented to predict the development of hot jets including
buoyancy and entrainment effects.

When the hot jet impinges the ground, as
shown in Fig. Ib, a hot wall jet developes
along the ground. In this case, the buoyancy
forces are directed perpendicularly to the
main horizontal flow of the wall jet.
Prandtl's boundary-layer theory fails to
predict buoyancy effects on horizontal hot
wall jets since forces perpendicular to the
wall are usually neglected in this theory.
By using higher-order boundary-layer theory
the buoyancy effects can be taken into
account. Experimental results show that
horizontal hot wall jets finally separate
and leave the ground. This phenomenon of the
so-called thermal ground effect will also be
discussed from point of view of higher-order
boundary-layer theory.

2. BASIC EQUATIONS Fig. 1

Two-dimensional hot free jets and wall jets Hot Free Jet and Wall Jet

will be considered. The so-called Boussinesq
approximation is being used which means that
in the flow equations the density is equal
to density at the reference temperature T.
except in the terms of the buoyancy forces, y
where the density is assumed to be a linear Nx-G)
function of temperature.

Using a coordinate system according to
Fig. 2 the basic equations are: " U

au + -[(1 + kylv] 0 (1) y -

Fig. 2 Coordinate System
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u - + (I + ky)v + k u v=

1 2 + go (1 + ky) (T - T.)sin a + (v. + vt) (1 + ky)u (2)

av v u 2

u T- + (1 + ky)v - k =

- (1 + ky)i y + gB (1 + ky)(T - T.)cos a + (I + ky) ya(v + vt)

P yT T a t T

u x + (1 + ky)v 3T = 3 [(' + Vt ) (1 + ky)aT (4)

These are the Navier-Stokes equations for this coordinate system reduced by those terms
which are negligible within a second-order boundary-layer theory for laminar flow. Beside
the Boussinesq approximation, the buoyancy-force terms are completely taken into account.
The pressure is due to the flow, i.e. the difference against the static pressure field,
see refs. 1 and 2.

3. INTEGRAL METHOD FOR HOT FREE JETS

3.1. Integral Equations

Integration of the basic equations with respect to y leads tothe following integral
equations:

Momentum-integral equation

d 0
[ f(I + ky)u(l - U(x, - O))dy + f (1 + ky)u(u - U(x, + O))dy I

-~ 0

dU(x,-O) o dU(x,+O)
+ -- [u - U(x, - O)ldy + dx I u - U(x, + O)]dy =

g8 sinn a (I + ky) (T - T_)dy (5)

Energy-integral equation

d 0 1 uC 2  
2 _ )d 2

(I + ky) u (u U'(x, - O))dy + f (1 + ky) U(u - U (x, + O))dy] =
-- 0

SgB. sin s f (1 + ky) u(
" - T.)dy - (v_ + V t)(1 + auk a [( + ky)uldy (6)

Thermal-energy integral equation

d&(_I u(T - T.)dyl - 0 (7)

Thermal-woment integral equation

d +4 *. V VT

I u(f u(T - T_)dy)dyl - - 1 C + t) (1 + ky)u 2 dy (8)
-a y -a3.)

This equation was derived by integrating Equ. (4) with respect to y from y to + a followed
by multiplication of u and a second integration with respect to y from - a to + .

C.
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Normal-momentum integral equation

dai 0 2 _2 7C2 _2(-{ -[u - (x, - o)Jdy+lu - +(x, + dy J =

-o 0

gO cos a if (1 + ky)(T - T_)dy + P(x, - 0) - P(x, + 0) (9)

3.2. Outer Flow Field

The jet induces an outer flow, which is inviscid and irrotational, i.e. a potential flow

field. The entrainment leads to the matching conditions:

v(x, - 0) = a[ (u - U(x, - O))dy ] (1Oa)

V(x, + 0) = - d (u - U(x, + O))dy] (lOb)
0

Bernoulli equation connects velocity components and pressure in the outer flow field at

the outer edge of the viscous jet region

P(x, - 0) + k [U 2 (x, - 0) + V 2(x, - 0)] = 0 01a)

P(X, + 0) + 1 [U2 (x, + 0) + V2 (x, + 0)] = 0 (11b)

3.3. Distribution of Velocity and Temperature Within the Jet

The following distributions of the velocity component in main flow direction have been

used:

u(X F h U(x, - 0) U x, 0)) v
um(x) Fu(, , x) , nu=u(X) (12)

where um(x) is the local maximum velocity in the jet and 6u(x) characterizes the jet width

(see Fig.2). It is assumed that the points with the velocities 1/
2 Cum + U~x, - 0)) and

l/2(um + U(x, + 0)) have the same distance Su from the (curved) axis of the jet.

The function F u(n u ) has the form

U(x - 0) + 1 - U(x I- O)][1 - tanh2 (0.8814 nu)] n < 0uumX )  + m(x u) mI
= U(X, + 0) +[ 1 - U(X +0)I - tanh2 (0.8814 )] n u  0 (13)

um(x) urnWu

The temperature distribution is given in a similar way

T(x,y) - T 2 Pr

m(x) T. FT(nT) =1 - tanh (B(Pr)nT)] 
(14)

where

= , B(Pr) - arctanh [(1 - 0.51 /Pr)1/2 ] (15)"T

For turbulent flow Pr is replaced by Prt.

3.4. System of Ordinary Differential Equations

Using the distribution for the velocity and temperature in the integral relations of
Sec. 3.1. leads to the system of equations:
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~d (x)2u(x)A2 1 + dU(x ) Um(X)6 X)A + dU(x + 0) UCX)6 (X)A 1 0 =

= g B(sin a)(Ti(x) - T )6 T(X) Al (16)

2
dx u3 6(X)A3]= ga,(sin) um(Tm(x) - T.) 6T(x)A4 - (v + Vt)u(x) A5  (17)

d ( U(X) T(x) - T.) 6= 0 (18)ad m m~x 6T x11

d[ 2 = t
3x Urn(x)(Tm(x) - T )Sr(x)A7] -( + Pr )Um(x) (Tinx) - T)A 6

da U2 (X)6 (x)A 12 ] = g _(cos c)(T (X) - T)6T(x) • A 3 + P(x, - O)-P(x, + 0) (20)

The shape parameters A, to A13 are in general functions of A = 6T(X)/6u(x)
U(x, - 0)/um(x) , U(x, + 0)/um(x) and k(x)6u(x). Some shape parameters are special cases
of others, for example:

Ali = lim A4

U

The values of the shape parameters for U(x, - 0) = U(x, + 0) = k(x)6(x) = 0 are given in
ref. 3.

This system of five ordinary differential equations has to be satisfied by the five un-
known functions

6 (x), A(x), un(x), Tm (x) - T., a(x),

whereas the values of the potential flow field U(x, - 0), U(x, + 0), P(x, - 0),
P(x, + 0) are considered to be given.

The matching between the jet flow and the outer flow field is done by an iteration process.
The calculation starts by guessing the five unknown functions, as well as the entrainment
velocities V(x, - 0) and V(x, + 0). Then potential theory yields U(x, - 0), U(x, + o) and
hence P(x, - 0) and P(x, + 0), respectively. Now all shape parameters can be determined.
The system of differential equations can be solved to get a new set of five functions. The
cycle is repeated until convergence is reached.

For laminar flows the eddy viscosity vanishes, Vt = 0 , whereas for turbulent flows the
molecular viscosity can be neglected, v.= 0 , compared to the eddy viscosity, which is
assumed to be a function of y only.

As turbulence model the eddy viscosity vt is connected with the jet width as

Vt = K [Um(X) - U(x, - 0)]6u y < 0 (21a)

Vt = K [Um(x) - U(x, + O)]6u  y > 0 (21b)

where K and Prt are functions of the local Archimedes number defined by

g 8_ ET Q3 (x)
Ar(x) = K3  

(22)
KCx)

Here the following abbreviations have been used:

+00

ET = f u(T - T,)dy (23)

0
Q(x) - I [u - U(x, - O)]dy + f [u - U(x, + O)]dy (24)

00

K(x) - 1 (1 + ky)u(u - U(x, - 0))dy + f (1 + ky)u(u - U(x, + 0))dy (25)
-= 0
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The relations derived in ref. 3 can be applied:

K = 0.035 (1 + 1.64 Ar(x)) (26)

Pr t = 0.5 (1 + 1.02 Ar(x)) . (27)

4. RESULTS FOR HOT FREE JETS

4.1. First Order Approximation

In a first approach the entrainment and hence the potential flow can be neglected. This
has been done in ref. 3. A proper selection of reference values permitted the character-
istics of the jet flow to be expressed as universal function, in which - in case of tur-
bulent flow - the initial jet orientation is the only input parameter. When the local
volume flow,the momentum and the thermal energy are given , the characteristic parameter
is the local Archimedes number Ar(x), defined in Eq.(22).

do.

-75' 6 45 15

Ar N*
2//

2-

0N..

0

6r . -30' "' V V 1 2  
* 3

Fig. 3 Turbulent Hot Free Jets Fig. 4 E
Archimedes Number Ar(a,) and Ar(N*,a) Paths of Turbulent Hot Free Jet

Fig. 3 shows such a universal diagram, which covers all possible turbulent hot free jets.
The curves ao = const represent jets which have the s-pe angle ao in their virtual
origin (Q = 0). The curves show the dependence of the local Archimedes number Ar(x) on the
local slope angle a(x). All curves end up at Ar = 0.47 , a = 900 corresponding to the
vertical plume. Moreover, the diagram contains the dimensionless local vertical position
of the jet with respect to the virtual origin (see Fig. 2):

o(E = / (28)

Having this information it is possible to determine the complete path of each individual
jet. The result is given in Fig. 4. It represents the paths of all possible turbulent jets.

If the initial volume flow is already non-zero then the initial slope angle ao in the
virtual origin of this jet has to be found via Fig. 3. All other parameters of the flow
can also be determined by further universal diagrams. As an example Fig. 5 shows the
dimensionless maximum velocities

U(x) A-1/3
Um = Uo ( Ar A8) (29)

as function of the dimensionless coordinate along the jet path

X (30)

where U0 = (ET go-)1/ 3  (31)

:1"
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In Fig. 6 the maximum velocities,
maximum temperatures and the slope
angles as function of the coordi-
nate along the jet path are shown

40 for the initial slope angle a, = 0.
ir Parameter is the Archimedes number

33 Ar1 at the initial station. The
U8 effect of the buoyancy forces can

3be seem quite clearly, in particular
at the development of the maximum

0z velocity. The maximum velocity of
the isothermal jet (Art = 0) is.W decreasing monotonically whereas

Z4 the non-isotherial jet will first
follow the curve of the isothermal

0 jet, but deviates further down-
0. stream to higher maximum veloci-

05* 1.0 ties, which for high enough Ar-
___chimedes numbers will even in-
03 I S S U crease until it reaches its final

constant value corresponding to
Fig. 5 Turbulent Hot Free Jets the vertical plume.

Maximum Velocity Um(s,co)
t m 0The theoretical results have been

compared with experiments showing
quite satisfactory agreement.

4.2. Entrainment Effects

ur(XAt 2 At.151 The entrainment effects on theKI I I El&path of a turbulent jet with

arbitrary Archimedes number Art
and an initial slope a, = 0 are

a5 0o1k shown in Fig. 7. The dotted lines
in this figure are the results of
the first order approximation.
The solid lines show the calculated
Path considering the induced outer
flow field. The general effect is

A.'a more bent path of the jet, which
1 , is mainly influenced by the induced

T*(x)-T.. pressure difference.

Er/IQ

,rr yK
go, Q1

2/K1  Ar.04 r1  .~ /,

S/ /

45 A r,51 0,11"1

1to 100K 0g

O'4
0 2 3 5 r51 7

Fig. 6 Influence of Initial _

Archimedes Number Art 1I/K
on Turbulent Hot Jets

Fig. 7

Paths of Turbulent Hot Free Jets
----- outer flow neglected

outer flow included

5. HIGHER ORDER BOUNDARY LAYER THEORY FOR HORIZONTAL LAMINAR HOT WALL JETS

5.1 Basic Equations

A cartesian coordinate system according to Fig. 8 is used. In order to get a solution of
the system, Eqns. (1) to (4), for large Reynolds numbers the method of matched asymptotic
expansions can be applied. The whole flow field is divided into two fields, the outer
region (potential flow) and the inner or boundary layer region.

When C - 1 I is used as perturbation parameter and
/fe A /ULf v
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I y " x

L L

as new variables, the asymtotic series for the inner solution ( wall jet ) are:

U( Y)= u1 (s,N) + E u2 (s,N) +

V(XY = £V I (s ,N) + E
2v2 (sN) + (32)

P = p1 (s,N) + P2(s,N)+

T(X,y)-T= (s,N) + C 62 (s,N) +TR

The resulting differential equations for first and second order boundary layer are:

First order:

a 1 -- = o1 (33) ) _)

7s 3Nauu I • ap1  a8lI y "

u-- + .. + -- (34)
as 3N as N2

-- P-!= At* e18--Tf///////////
AN 1 (35)

Bb)
ei  ae1  1 a2 o1 (36) ) ¢
1 1 _ 2
as aN Pr aN - s

with the boundary conditions: 7"'77 ///// Z'72////////

N o: U = , V = = 0 Fig. 8

N iiu =o, eI =o Horizontal Hot Wall Jet
a) Coordinate System

From the solution we get the entrainment velocity: b) Wall Jet Along Ground

V2 (s,o) = -,) (7c) Wall Jet in a Quater Plane

Second order:

u2  + a"2  0

8s aN (38)

u 2  au+ au2  a 2 u2
1- 2 - 1 v2 1_.. + =- (39)

an u aN 2aN as 3N2

P2 = Ar*e 2  (40)
3N

a 2  ae+ 862 1 202-+ u- + 1 + v2-- (41)U 2as V N V2 aN Pr aN2

with the boundary conditions:

N O: U2 . V2 . 62  O

N : u2 = U2 (S,O) , 2 = , P2 ' 0

The outer solution has the asymptotic series

LXI. - U2 (8,Y) +UR2

v(X'y)
U V 2(8,Y) +R

x P (s') . (42)

OUR2

T(Xy)-T.TR



U 2 (s,y), V2(s,y) belong to a solution of the Laplace equation (potential flow).

The most important parameter of the problem is the modified Archimedes number

Ax g8. TB Li V1 g L 1U=2--8T - (43)UR5/2 _u2-R B
R R R-

where

T ET  0 f u(o,y)[T(o,y)-T.]dy
UR L UR L

U2= _ u(o,y) ('y f u2 (o,y) dy
vL 0 0

For a finite value of Ar* the reference temperature, i.e. the thermal energy in the wall
jet, has to be much larger then the kinetic energy represented by U2 when the limiting
case of high Reynolds numbers is considered. Only

under this condition the buoyancy term remains in
the first order equation.

5.2. Result of First Order Solution

From the momentum equation in y-direction it can CtVrR-e
be seen that the pressure within the hot wall
jet is lower than the outer pressure. Therefore, ,2

the wall pressure Pw is decreasing at first, with
a minimum at x/L = o.o25 • Ar.e . The pressureat that point is about 10

Ar*

Pwmin = 0.75 Aro.8 36  (

R

This lower pressure has also been found in exper- l-
iments, see refs. 5, 6. Beyond that point the 1'
pressure is increasing monotonically reaching
zero again for x * = . The friction coefficient ;C.{

cf = Tw/4 U2 as function of the coordinate x -02

is shown in Fig. 9. The modified Archimedes I.3
number Ar* is parameter. The curve Ar* = O C
corresponds to the classical wall jet solution I-3 .0-2 @-l 1 x 10, Ir"

without buoyancy forces. It turns out that the L
buoyancy forces lead to an increase of the shear
stress. By choosing suitable reference values it Fig. 9 Horizontal Wall Jets
is possible to reduce the infinite number of
curves in Fig. 9 to just one single curve, which
is given in Fig. 10 (Re - -).
The following new variables have been used:

cf = Ar*- 1.O 45 c Re (45) _0_f f

= Ar* o.836 xC (46) 2

As a result from first order 
theory the shear 

C _ 0i

stress increases due to buoyancy forces and there- M02 -
\ 1

fore the danger of flow separation is even less
than without buoyancy forces.

5.3. Results of Second Order Solution

The outer flow induced by the wall jet is always I - -

such that the x-component of the velocity at the
outer edge of the wall jet is opposite to the
main flow of the wall jet. Surprisingly, this
negative outer flow velocity leads to an increase -t
of the shear stress when buoyancy forces are 1  E
absent. This tendency is reduced by buoyancy
forces, but not sufficient to reach flow 04 V2 04 1 X. 0

separation.

Fig. 10 Horizontal Hot Wall
Jet (Pr = 0.7)
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SUWARY

A recent AGARD Flight Mechanics Panel Symposium on the "Impact of Military Applications on Rotorcraft
and V/STOL Aircraft Design" (Paris, April 1981) is summarized with respect to fixed-wing aircraft. The
influence of the mission needs on the configurational design of V/STOL aircraft, the implications regarding
some problems in fluid dynamics relating to propulsive flows, and their interaction with the aircraft and
the ground plane, are summarized.

1. INTRODUCTION

A recent AGARD Flight Mechanics Panel (FMP) Symposium on the "Impact of Military Applications on
Rotorcraft and V/STOL Aircraft Design" (April 1981) summarized the military mission needs and their influence
on the configurational aspects of V/STOL aircraft design; identified several classes of V/STOL aircraft that
are in various phases of research and development; and recognized that, with projected advances in technology,
a nuner of practical V/STOL aircraft now appear feasible.

To achieve the desired performance of the V/STOL aircraft under consideration requires further progress
in several technical disciplines including structures, materials, controls, propulsion, and aerodynamics. Of
particular interest to this symposium is how the fluid-dynamical aspects of propulsive flows interact with
aircraft surfaces and with the ground plane, thereby affecting performance.

It is the purpose of these remarks to summarize some of the conclusions of the previous symposium and
to discuss areas of additional research in fluid dynamics that can contribute to an improvement in performance
of V/STOL aircraft.

2. MISSION NEEDS

The need for military V/STOL aircraft results primarily from the potential vulnerability to enemy attack
of main airbases in Europe and elsewhere, and of large aircraft carriers at sea. In the event of such
attacks, V/STOL aircraft could conceivably operate from damaged runways or damaged carrier decks while con-
tinuing to utilize the logistics and support capabilities of those major assets. Alternatively, with the
introduction of dispersed operations on land and at sea, V/STOL aircraft could operate without the necessity
for long runways or large ships.

With respect to land-based aircraft it is argued that the dispersed site operational capability of V/STOL
aircraft provides the advantage of quick response to requests for close air support with higher sortie rates,
lower detectability on the ground, and a lower probability of concentrated attack. It is important here t
distinguish between the need for improvements in short landing as opposed to short take-off capability. Most
modern fighter aircraft, by virtue of their high thrust-to-weight ratio, already have the capability of taking
off in relatively short distances (say 2,000 ft), whereas, landing on a 2,000 ft runway is a much more diffi-
cult problem, given the allowable errors in touchdown point and a limited means of reducing touchdown speed
of conventional fighters. Also, for transport aircraft, the need is for shorter landing capability at dis-
persed destination points (long runways are generally available at the major supply points and the return
takeoff is generally easier after the cargo delivery has been completed, since the aircraft is then lightly
loaded).

With this emphasis, STOL, in some applications, can be refined to CTOSL; i.e., conventional takeoff and
short landing. It may be feasible to design such CTOSL aircraft with essentially the same thrust-to-weight
ratio as their conventional counterparts (i.e., T/W - 0.9 for fighters and T/W - 0.3 for transports), thus
avoiding the engine-weight penalty usually associated with high T/W STOL aircraft. The technical challenge
is to find ways of using propulsion-induced flow to augment aerodynamic lift, thereby reducing landing speed
and obtaining good flightpath control to assure minimum touchdown dispersion.

In the event that operation from very short runways is required (say, 500 to 1,000 ft), thrust-to-weight
ratios higher than those for conventional aircraft become necessary and landing speeds become sufficiently
low that special consideration must be given to aircraft stability, control, and handling qualities. The
resulting configuration effectively has all the essential characteristics required for vertical landing
(i.e., high T/W and a control system integrated with, and dependent on, the propulsion system). Again, the
landing task places the greatest demands on the design; as a result, the best compromise to satisfy mission
needs may be a STOVL aircraft (short takeoff and vertical landing) rather than a VTOL aircraft. Payload and
fuel-load capabilities of such an aircraft for short takeoff will be substantially better than for vertical
takeoff.

For sea-based operations, V/STOL eliminates the need for catapult and arresting gear and allows greater
flexibility in ship operations obviating the need to steam into the wind; e.g., during launch and recovery of
aircraft. The more compelling reasons for V/STOL, however, is the concern regardinq the vulnerability of
large carriers to the threat of long range missiles. V/STOL aircraft would permit the smaller, less vulnerable
ships to be deployed as a distributed force. The optimum size and number of such ships is the subject of



much study but there appears to be a growing belief that a new generation of aircraft carriers having
deck lengths of approximately 600 to 800 ft would be a logical complement to, and ultimately substitution
for, the current generation of large carriers.

For the present generation carriers and a next generation smaller carrier, the STOVL aircraft may be
the correct choice. Such aircraft would have substantial payload and fuel-load capability by virtue of short
takeoff (rather than vertical takeoff) and would permit greater flexibility in ship operation through vertical
landing (at the reduced weight associated with mission return). Although several types of STOVL and VTOL
naval air missions are cu-rently under study, including carrier-onboard-delivery, close support/attack, and
supersonic interception, no formal V/STOL aircraft requirement within the U.S. Navy has yet emerged. It
seems likely that such a requirement will evolve, in conjunction with new weapon and ship requirements, as
part of an integrated systems approach that addresses the problem of replacing the current generation of large
aircraft carriers.

3. V/STOL AIRCRAFT CONFIGURATIONS

A number of fixed-wing V/STOL aircraft configurations were reviewed at the FMP Symposium. Those selected
here for discussion are (a) the upper surface blowing (USB) STOL aircraft, (b) the turbofan subsonic V/STOL
aircraft, and (c) the direct jet-lift supersonic V/STOL interceptor. They represent a broad range of aircraft
concepts covering CTOSL, STOL, STOVL, and VTOL. They also incorporate the use of propulsive flows in a
variety of ways. Therefore, they form a good basis for the subsequent discussion of several areas in fluid
dynamics which need to be better understood with a view to optimize proulsive induced-flow effects.

3.1 Upper Surface Blowing (USB)

The upper-surface blowing concept uses the engine exhaust, usually from a high-bypass-ratio engine, in
conjunction with a trailing-edge flap to improve the wing lift through Coanda flow turning and increased wing
circulation. The schematic engine-wing-flap geometry for a recent demonstration program (the Quiet Short-Haul
Research Aircraft program conducted by NASA and Boeing) is shown in Fig. 1. Maximum lift coefficients above
10 have been demonstrated in flight, compared with lift coefficients of the order of 2 that are usually
achieved by aerodynamic means on a typical transport aircraft wing-flap combination. With various flight
safety margins, values of CL and the corresponding low approach speeds (60 knots) and landing distances
(500 ft) for moderate thrust-to-weight ratios (-0.5) clearly indicate the value of incorporating the
propulsive-aerodynamic interactions into the design of STOL aircraft.

"D"-NOZZLE

YF-102 ENGINE

BYPASS RATIO 6.0
INSTALLED STATIC USB FLAP

THRUST = 6225 lb (COANDA SURFACE
LANDING FLAP

@ 50 dog

(a) Quiet STOL Research Aircraft (b) Engine-Wing Schematic.
with Upper Surface Blowing
(NASA-Boeing).

Figure 1. Upper Surface Blowing.

This work is now being extended to examine configurations of conventional thrust-to-weight ratios
(T/W = 0.3) - characteristic of military transport aircraft - and to determine whether effective flow turning
can be maintained under these lower thrust conditions. The high speed (transonic) characteristics of this
engine-wing combination are also being investigated to determine whether positive interference between the
wing and the exhaust flow can be realized that will lead to improved cruise efficiency. These results will
have important implications regarding the questions of whether CTOL aircraft can achieve short landing per-
formance (i.e., CTOSL aircraft) simply by changing the engine placement and flap design. Several fluid
dynamic areas are of interest for this concept.

3.2 Vectored Turbofan

This STOVL or VTOL concept has also been the subject of extensive research (by Grumman and NASA', includ-
ing full-scale static- and wind-tunnel tests, and small-scale model flight tests in transition and hover. It
employs two high-bypass-ratio engines (which can be tilted to change the thrust vector) integrated with con-
trollable inlet guide vanes and a system of control vanes in the engine exhaust flow (Fig. 2). The effec-
tiveness of these vanes in deflecting the exhaust flow to provide control moments in hover and transition is
of particular interest. The vane pitching moment was found to be linear over a deflection-angle range of
20

°
, whereas only ±5

° 
of deflection was required to provide trim moment for the aircraft. Evidently, sub-

stantial margin remained for maneuvering and gust compensation.

The influence of the ground plane on aircraft lift is also of extreme interest. Aircraft lift for a
given thrust was found to depend on aircraft height above ground because of the exhaust impingement and
the resulting fountain effect. Ground effect was positive (i.e., lift/thrust - ]) and increased typically
to a maximum of about 1.08 at a height equal to twice the engine inlet diameter. However, substantial changes
in lift associated with meandering of the fountain were observed. Further research is needed for this
unsteady phenomenon to be fully understood.
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(a) Tilting Turbofan VTOL Aircraft (b) Variation of Pitching Moment
(NASA-Grumman). with Control Vane Angles.

Figure 2. Vector Turbojet.

3.3 Direct Jet Lift

Direct jet lift has been successfully applied to the Harrier VTOL aircraft and is now being considered
for application to supersonic fighter and interceptor aircraft. The Harrier aircraft employs a "four poster"
Pegasus engine in which four rotatable nozzles direct the flow downward for vertical flight. The two
forward nozzle exhausts are relatively cool since they use by-pass air, whereas the two rear exhausts are
hot. In some applications it is necessary to maintain a nominal aircraft forward speed in order to avoid
damage to the ground plane due to excessive heating.
Despite the exhaust impingement problem, the Harrier
has operated successfully from various ground sur-
faces including road segments, grass fields, dirt
strips, and aluminum matting. It is therefore natural
to seek ways of adapting this successful form of pro -. -.
pulsion to supersonic aircraft.

Two general variants of the Pegasus approach to
direct jet lift applicable to STOVL and VTOL are cur-
rently under study (by BAE and Rolls Royce). The first
of these (Fig. 3) adds plenum chamber burning (PCB)
to the two front nozzles to increase the thrust and
combines the two rear nozzles (to reduce supersonic
drag) into a single nozzle which also rotates into a 5-
vertical thrust position. While extensive testing
has been conducted to prove the PCB concept, questions Figure 3. Supersonic VTOL Configuration with
remain regarding the effects of the three hot exhausts Plenum Chamber Burning (Rolls Royce).
on the ground plane and on the underside of the air-
craft. Also the fountain produced by the three
exhaust streams may be less stable than that of the
more symmetric four-poster configuration of the
Harrier and may produce adverse effects from hot-gas
ingestion into the engine.

The second broad variant of the Pegasus approach
(under investigation by de Havilland of Canada) is to
augment the thrust of the forward nozzles by using
ejectors located in the fuselage (Fig. 4). This has
the advantage of retaining the cold front exhausts
(thus avoiding the adverse effects of hot gas inges-
tion) and providing a relatively low impingement
velocity on the ground plane. The two rear hot noz-
zles are again combined into a single nozzle as in the
previous discussion. Uncertainties that remain to be
resolved include (a) the extent to which thrust can
be improved by cold flow augmentation within the
geometrical constraints of a practical supersonic air- Figure 4. Supersonic VTOL Configuration with Fuse-
craft design, and (b) the effect of the fountain lage Thrust Augmentor (de Havilland).
caused by the impingement of exhaust flows (in this
case heating effects should not be a problem due to
extensive use of cold air; however, the fountain may
cause upset moments on the wing and fuselage).
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4. PROBLEMS IN FLUID DYNAMICS

The practical problems touched upon in the previous discussion represent only a limited cross-section
of those that fall within the scope of this symposium on the "Fluid Dynamics of Jets with Application to
V/STOL." Two general areas of interest to fluid dynamics seem to occur and recur whenever V/STOL aircraft

configurations are discussed, namely: (1) the
mixing between a propulsive stream and a parallel
flow in producing thrust and lift, and (2) propulsive
flows issuing from, and impinging upon, neighboring

COANDA SHEET surfaces.~SPREADING
HEATING AND SCRUBBING First, with respect to the mixing of the pro-

Npulsive flow with a near parallel stream (Fig. 5),

although there is extensive analytical and experi-
SFLOW TURNING mental work reported in the technical literature,

additional work is required on the lateral spreading
of jet flows over curved surfaces (e.g., the upper
surface of a wing) and on the subsequent turning

GROUND EFFECTS from the stream direction of Coanda surfaces. Such
(BUOYANCYOR SUCK DOWN?) ' redirection of the flow is, in principle, one of the

simplest ways of increasing wing lift without atten-
_ \K. dant duct losses and without complex mechanical

_, devices. The application of this principle to
",, i,, ,,, , ,,,,,,,,,, ,,ii , ,,,,, i increasing or controlling the circulation around

FLOW IMPINGEMENT wings and other lifting devices is receiving atten-
tion in both the fixed-wing aircraft and helicopter
industries, although the basic phenomena are not yet
fully understood.

Figure 5. STOL Fluid Dynamics Phenomena.
Second, regarding propulsive flows issuing from,

or impinging upon, neighboring surfaces (Fig. 6), a
FOUNTAIN FLOW wide variety of fluid dynamical phenomena in two and

AND three dimensions remain to be fully explored and
RECIRCULATION explained. These include: augmentor mixing, internal

vorticity within jets in a crossflow, the influence
of a closely placed ground plane on the thrust per-

EMERGING formance of augmentors and jets, flow spreading over
JETS JETINDUCED the ground plane, stability of fountain flows in the

FORCESAND presence of neighboring surfaces, etc. In contrast to

MOVEMENTS the near-parallel flows discussed earlier, this class

WALL JETS MV N of flows may be characterized by convection and thegeneration of shear stress in several directions so
- that thin layer approximations to the flow are not

,, valid. There has been some progress through the use
IMPINGEMENT 7 Eof computer models of the flow, but these invariably

NEROSION depend on assumptions relating to the nature of tur-
bulent transport of momentum and energy which are not
generally based on definitive experiments that per-

HEATING tain to the particular geometry in question. A con-
centrated effort is needed to combine careful experi-

Figure 6. VTOL Fluid Dynamics Phenomena. mental measurement with intelligent computer modelling
in order to gain a better understanding of some of the
controlling phenomena in V/STOL related fluid dynamics.

5. CONCLUDING REMARKS

The mission needs for V/STOL aircraft are again receiving critical attention for both land-based and
sea-based forces. The traditional disadvantages of V/STOL aircraft in terms of payload and range are now
being reduced by advances in technology and offset by the introduction of new operational modes for the
deployment of these aircraft. The successful operational experience of the Harrier lends credibility to the
mission value of V/STOL aircraft.

Improvements in the use of propulsive forces, involving the engine airflow and its interaction with the
aircraft aerodynamic flow, are evolving as the critical element in many of the V/STOL aircraft configurations
under consideration. In particular, for CTOSL and STOL aircraft, it appears that substantial reductions in
takeoff and landing speeds and resulting field lengths can be achieved by placement of the engine exhaust
above the wing (upper-surface blowing) without the necessity for increasing the installed thrust of the air-
craft. For VTOL aircraft new developments in thrust augmentation (plenum chamber burning or the use of cold-
flow ejectors) now permit the consideration of STOVL supersonic fighter/interceptor configurations having
little penalty in propulsion system weight when compared to their CTOL counterparts.

The performance and operational effectiveness of these configurations, however, will depend on the suc-
cessful integration of propulsion and aerodynamics; i.e., a more complete understanding of the fluid dynamics
of the propulsive flow and its interaction with the airframe and the ground plane. It seems most likely that
this improved understanding, when applied to the most promising configurational concepts, will result in a new
generation of V/STOL aircraft that will add a new dimension to the development of air defense forces.
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Investigation of Wall Jets

E. Krause, D. Hanel, N.I. Hewedy

Aerodynamisches Institut

RWTH Aachen

Germany

The interaction between wall jets and the main flow is presently being studied by means of experimental and numerical
investigations. The following jet-configurations are considered: Tangential injection of a jet through a slot in a forward
facing step into a boundary layer, which is tripped at the leading edge, and tangential and slightly inclined injection of a
jet through a slot in a rearward facing step. In the following the aims, means of investigations, and results are briefly
described.

Tangential injection through a slot in a forward facing step

An incompressible two-dimensional flow, generated in the closed low-speed wind tunnel of the Aerodynamisches Institut
was tripped at the leading edge of a flat plate mounted tangentially on the bottom of the test section (Fig. 1). About
I m downstream from the leading edge a forward facing step with a slot was mounted on the plate. Both, slot height and
the height of the step could be varied. The aim of this investigation is to study the deflection of the jet issuing through
the slot by the main flow, the wall pressure and shear distribution upstream of the step, the variation of the location of
the separation point as a function of Reynolds number, slot- and step height, velocity ratio u.et/uo, and the time
averaged velocity profiles, and Reynolds stresses upstream of the separation point [11 . The meadured velocity profiles
are to be compared with predictions obtained through finite-difference approximations of the boundary layer equations,
which were closed with simple assumptions for the Reynolds stresses.

The wall pressures were measured through 62 holes (with diameter 0,6 mm) along the center line of the plate with a
micromanometer and two-Betz-manometers. Hot-wire anemometers were used for measuring profiles of main velocity
and the Reynolds stresses. A pulsed wire-anemometer was used in the separated region flow. The wall shear was
determined with a Preston tube.

The experimental results show that the wall pressure distribution is strongly influenced by the slot height and the
velocity ratio u. t/uoo. It was found that all wall pressures can be correlated through similarity parameters (Fig. 2). A
rough correlatio of the wall shear distribution is also possible. Relatively close agreement is obtained in a comparison
of the experimental data with predictions of the separation point (Fig. 3). The comparison of the numerical predictions
with the measured velocity profiles revealed, that overall agreement is good, except for the region close to the
separation point (Fig. 4). Velocity profiles measured in the separated flow region with a pulsed wire-anemometer (see
for example Fig. 5) are presently being used to model closure assumption for the flow in the immediate vicinity of the
jet.

Injection through a slot in rearward facing step

In the second part of the investigation the influence of tangential slot injection in an attached boundary layer on the
surface pressure distribution has been studied numerically, while experiments are presently being prepared.

The flow has been determined by matching finite-difference solutions of the potential equation and the boundary layer
equations for two-dimensional, steady, compressible turbulent flow.

For the solution of the potential equation, relaxation techniques are being employed. The boundary-layer equations are
solved by implicit finite-difference techniques. The boundary conditions on the surface are defined either by the no-slip
conditions or in the case of injection by prescribed values of velocity and temperature or heat flux. For inclined
injection, also the normal velocity at the wall can be prescribed, but it is restricted in its magnitude through the
boundary-layer approximation. The matching of the solutions for the inviscid flow and the boundary-layer equations is
carried out iteratively. The normal velocity at the outer edge of the boundary layer provides the boundary condition for
the solution of the inviscid flow on the surface, and inversely, the outer boundary conditions for the boundary layer are
taken from the iterated solution for the inviscid flow. The results obtained so far show that, if the interaction of the
boundary layer with the inviscid flow is taken into account, the displacement effect becomes an important factor. Its
influence was studied by varying the strength and the position of the injection with respect to the leading edge. Some
results are shown here (2] , as an example, for a viscous transonic flow over a 6 percent parabolic airfoil. In Fig. 6 the
pressure coefficient of the profile at zero angle of attack is plotted for vanishing injection rate. The inviscid solution
clearly shows the shock wave and the past-shock expansion. In the viscous flow the shock is smeared out by viscous
effects. The influence of injection immediately upstream of the shock is shown in Fig. 7. The solid curve corresponds to
the viscous pressure distribution in Fig. 6. The other curves indicate various injection rates. The pressure distribution
with injection shows larger expansions and steeper adverse pressure gradients. This behaviour of the flow can be
explained by the variation of the displacement thickness shown in Fig. 8. In the case of injection the displacement
thickness decreases near the slot and causes there an additional expansion followed by the recompression shock which
moves further upstream. The influence of injection in the supersonic region upstream of the shock Is shown in Fig. 9.
The pressure distribution is changed significantly by the additional expansion and recompression waves. Similar results
were obtained for lifting airfoils. Presently the solution is extended to large injection rates, but restricted to
subsonic outer flow 13 1.

Such a injection was simulated by blowing through a backward facing step. In the slot fully developed flow was assumed.
The profile in the inlet was held fixed, but the upstream influence in the boundary layer is considered. Near the slot,
strong normal gradients of the tangential velocity cause a large variation of the normal velocity, which can exceed the
limit of Prandtl's boundary-layer theory. These phenomena restricted investigations to moderate Injection rates In
calculation mentioned before, In which Iterative coupling of a boundary-layer solution and a potential flow solution was
used. The strong Interaction between a compressible, laminar or turbulent boundary layer and a jet, was Investigated by
direct coupling of the numerical solution of the boundary-layer equations and one for the potential equation.
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In the vicinity of the injection region the pressure is not prescribed as in Prandtl's theory, but is computed as pert of the
solution by coupling the boundary layer with the outer potential flow through the displacement thickness. The pressure
is split up into one part which is obtained from the solution for the inviscid flow about the body contour and into a
second part, calculated from a solution of the small perturbation potential equation (e.g. the Hilbert integral), which
takes into account the displacement through the boundary layer. Its discretized form results in a quasi-linear relation
between displacement thickness and pressure.

A second relation is obtained for the displacement thickness and the pressure from the boundary-layer equations. When
discretized with an implicit finite-difference scheme, they yield a system of linear equations with a tridiagonal metric
structure. The recursion relation is used to eliminate u in the expression for the displacement thickness, so that similar
to an inverse boundary-layer method, the pressure is given as function of the displacement thickness. This relation is
coupled with the relation obtained from the potential equation, and the pressure is updated during the boundary-layer
calculation. A global iteration over the length of the interaction region is necessary in order to determine the upstream
influence on the pressure. The iteration can be accelerated by overrelaxing the displacement thickness during the
iteration.

The coupling was facilitated in the following way: Assume that the compressible flow in the boundary layer can be
described by Prandtl's boundary-layer equations, i.e.

(Pu) x + (pV)y - 0 (1)

Ouu x + PVUy + Px= (IU) (2)

Puh x + pvhy - uPx = ()T ) + uJ(uy) 2  
(3)

On the outer edge of the boundary layer the flow is governed by the Euler equations

%ueuex + Px = 0 (4)

he + u2/2 = ht o  (5)

The pressure can be thought of as consisting of one part due to the inviscid flow field p0(x) and one part due to viscous
displacement of the inviscid flow p6 (x), so that

p(x) = PO(X) + p 6 (x) (6)

The pressure due to viscous displacement can be determined in the frame of small perturbation theory for subsonic flow,
hence

(x) 2 1 1 dA(E) 1
p,() = 1T/-H2' fo Oe( ( x -(7

7,v'-Ma, 10

where A(x) is the mess flux displaced by the boundary layer

6
A(x) = f (PeUe - pu)dy (8)

0

The pressure p6 (x) takes into account the displacement upstream from the position x.

The numerical solution can be obtained with an implicit formulation, in which the recursion relation can be written as

= E +F +GM (9m,n M,n m+l,n + Pmn mn Uen (9)

The indices m and n count the steps In the directions normally and tangentially to the wall. The quantity u Is the
unknown external velocity. The integral for the mass flux can be replaced by a sum in finite-difference formulaffib, i.e.

M
An  01- Z Um,n + 8e Use n  (10)

The lest two equations can be combined to yield

An a 01,n Uen +
2,n
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The coefficients P and a are functions of the recursion coefficients E,F, and G and of the density of the outer edge of
the boundary layer.Now, lnce p6 is related to ue, the expression for p6 can be written as

N

Pd,n = - L 
n , Ak +a c n

n An +
kE an, k Ak] (12)

./1Ma.k- k~n+1 l

The value of A upstream of the location x = (n-1) Ax are taken from the last iteration and the downstream values from
the forelast onr- If P6 n is replaced through the Euler-equation (4), there is obtained

U e,n  = Q,n An + a 2 ,n  (13)

so that from eq. (11) and (13) the final result is given by

Ue,n =(a1 ,n 01,n 
+ c2,n)/(l - al,n) (14)

The calculation is repeated until convergence is obtained. This method of solution can be incorporated into the
numerical solution of the boundary-layer equations without effort.

Figs. 10 and 11 show some results obtained for tangential slot injection into a subsonic boundary layer over a flat plate.
In Fig. 10a, b, c the velocity profiles near the slot, the displacement thickness and the pressure disturbances through the
interaction are shown as a function of the streamwise coordinate. For laminar flow a parabolic velocity profile was
assumed for the flow in the slot. The slot is positioned at xiL = 1 and strong interaction was considered between x/L =
.3 and 2. If the blowing rate rii /(6.ouoDH) is greater one, as in this case, the displacement thickness decreases near the
slot. The pressure shows a rapid-variation near the slot and increases finally in the mixing region downstream from the
slot. The opposite behaviour is observed for slot injection with rBL/(6,uooH)<I in Figs. Ila, b and c. In this case the
displacement thickness increases continously and the pressure increases slightly upstream from the slot and after a
relatively small decrease remains constant.

These results show that the boundary-layer can substantially be influenced through the blowing rate, in particular, if the
displacement thickness is affected. Small changes in the thickness distribution can cause relatively large changes in the
pressure. The method is at the present time being extended to the calculation of transonic boundary layers.

References:

[1) N.LI. Hewedy: Untersuchung eines ebenen tangential ausgeblasenen Gegenstroms. Thesis at the RWTH Aachen,
1980.

121 D. Hinel, H. Henke, A. Marten: Transonic flow over airfoils with tangential injection. Proc. of 3. GAMM Conf. on
Num. Math. in Fluid Mach., in Notes nn Num. Fluid Mech., 2, Vieweg-Verlag Braunschweig, 1980.

13) D. Haneh Laminare Grenzschichtstrmung mit Abldsung. Paper on the Jahrestagung der DGLR, 1981, Jahrbuch der
DGLR, 1981.
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THE CALCULATION OF JET INTERFERENCE PRESSURE DISTRIBUTION USING INTEGRAL AND
NUMERICAL METHODS BASED ON ACTUAL MEASUREMENTS OF ENTRAINMENT

by

Philip E. C. Ransom' and John H. Barnes2

School of Mechanical, Aeronautical and Production Engineering
Kingston Polytechnic, Kingston Upon Thames

Surrey KT2 6LA, England

SUMMARY

A discussion of factors influencing interference effects on aerodynamic surfaces surrounding jets is used to introduce a tracer gas method for the
measurement of jet entrainment. The application of this technique to the study of axisymmetric free jets is described. A numerical method is developed which
employs measured values of entrainment to compute the interference pressure distribution over a flat surface surrounding the jet. Comparisons are made with
theory to show that computational inaccuracies may be reduced to required values. Examples are quoted which show that there is good agreement between
measured and computed surface pressure distributions.

NOMENCLATURE

B1, B2 entrainment coefficients
C concentration of tracer gas
Ca concentration of tracer gas at nozzle exit
C, concentration of tracer gas in atmosphere
F interference force
I length
tha  mass flow rate of air leaving nozzle
rhe mass flow rate of entrained air
mg mass flow rate of tracer gas
n positive integer
P pressure
Q sink strength
R radius measured from sink to plane surface
r horizontal radius from nozzle centre line
r9 nozzle radius
ro surface radius
T jet thrust
v" jet velocity

t radial velocity towards sink
Vr radial velocity parallel to surface
W mass fraction of tracer gas in jet at nozzle exit
Wm bulk mean mass fraction of tracer gas in air
z axial distance from nozzle exit
o angle subtended at jet axis

P density

1. INTRODUCTION

The phenomena of the entrainment of surrounding fluid into a freely emanating jet is well known and this has been utilized for pumping in both high
and low pressure applications such as injectors and vacuum pumps. Generally it has been adequate to know the order of total entrainment achieved by a jet
stream but now in this era of jet lift aircraft it is of increasing importance to gain as much quantitative data as possible about the variation of entrainment
along let trajectories.

The reason for this need for an extension in knowledge is because of the significance of jet entrainment in the stimulation of static pressure interference
on surfaces adjacent to the jet. Entrainment is however, only one aspect of the total flow field which causes loss of lift on the aerodynamic surfaces of jet lift
aircraft. A review of a large number of reports (1) attempted to correlate data from different sources but found that there was no large measure of agreement.
Furthermore certain aspects of the subject could be seen to have been rather neglected. This was principally due to the fact that in jet aerodynamics there are
a large number of variables involved, many of which are mutually independent

It has been suggested (1) that consideration of the phenomena could be simplified by recognising that it is the flow field, created by the interaction of
jet and cross flow, which is responsible for the pressure distribution over the associated aerodynamic surface. This is illustrated in Fig. 1.

The flow field is created by the interaction of many independent variables broadly grouped into two main categories, Geometric and Fluid Dynamic.

The Geonetric variables relate to both the nozzle (for example: shape, interior suface, number, size, inclination etc.) and the parts of air frame with
which it is associated (for example: main plane, fuselage, tail assembly etc.). The fluid dynamic variables relate to the properties of the jet, and the cross flow,
fluids.

Two basic parameters may be used to describe the flow field, created by the above interactions, namely entrainment and blockage. Entrainment is that
mas of fluid drawn from the surroundngs Into the let. In the case of the free jet this process occurs as a result of turbulent mixing only, but when cross flow
is superimposed the deflected jet forms the familiar pattern consisting of two contra rotating vortices which draw additional fluid into the plume. Blockage I;
is the obstruction to the cross flow created by a solid body which has the same geometrical shape as the let plume developing from the nozzle exit.

The flow field In turn is considered to be responsible for the generation of surface effects such as pressure distributions, interference forces and
moments etc.

The emphasis In this study is a closer examination of the flow field, in particular the entrainment Into the jet plume and the relationship of this with the
Induced preseure field. In order to simplify the experimental work, only the case of an axisymmetric jet discharging into stationary surroundings has been
examined at this stage. This has had the effect of reducing the number of variables involved and allowing the flow field to be specified solely in terms of
entrainmet.

Prediction of surface pressure variations have been made by assuming that, for entrainment, the jet can be mathematically modelled on the basis of a line
sink sitting alon Its axial centre line. Using the pilosophy that an axisymmetric jet comprises a potential core length followed by a fully mixed development

' Senior Lecturer in Aircraft Propulsion
Ph.D.(Ene) Principal Lecturer in Thermofluids £ Aerodynamics
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it is possible to argue that the sink can consist of two sections one after each other each having its own separate (but constant) radial strength. The basic
method of calculation of interference pressure is shown in section 5 and can be seen to have a serious limitation as it leads to the prognosis of an infinite
pressure force on an infinite surrounding plane surface.

Surprisingly eixgh, improvements to this rather basic calculation method have not been possible up to now because of a scarcity of data on how
entrainment varies along the axes of jets (1, 2) and indeed how this affects the flow path.

It is worth re-stating at this point that another aspect of jet trajectory and interference is that of blockage. The method of allowing for this as well as
entrainment has been referred to by Dr. Bradbury in the general review where by the jet is modelled on the basis of a line doublet but possibly having sinks
and sources of unequal strengths.

The difficulty detailed in this introduction led to the aims of this particular investigation.

2. AIMS

The purpose of the investigation was two fold:-

(a) to correct the surious deficiency in entrainment for axisymmetric free jets, including investigating effects on entrainment of independent variables such
as flow velocity temperature etc. and geometric configurations.

(b) to improve pressure distribution prediction methods so that it can make use of improved entrainment data. Numerical methods are devised so as to be
able to accommodate any pattern of entrainment along the jet trajectory.

3. EXPERIMENTAL TECHNIQUE

The determination of the radially induced entrainment into an axisymmetric free jet was accomplished by adding tracer gas to the jet fluid far upstream
of the nozzle, and measuring the decay of tracer concentration in the jet plume.

Air from a compressor was supplied to a plenum chamber where it was mixed with the tracer gas (argon) to produce a gas mixture containing 10% by
volume of argon. The mixture was directed through the plenum chamber which contained heaters capable of raising the gas temperature by 500*C, at entry
to the convergent nozzle. (Fig. 2) On leaving the nozzle at high subsonic velocity the air/gas mixture was diluted by air entrained into the jet plume. Samples
of this air/argon mixture were drawn from the plume through a suction probe attached to a rotary vacuum pump. The probe, which was mounted on to a
3 axis traversing gear, could be positioned at any station up to 120 nozzle radii downstream from the nozzle and up to 20 nozzle radii from the nozzle axis.

Analysis of the gas mixture was carried out using a quadrupole mass spectrometer (3, 4) allowing the concentration of the argon to be measured
throughout the jet plume. Typical concentration curves are shown in Fig. 3. The dilution of the tracer gas enabled entrainment at each axial station to be
determined.

If tests are carried out with a Schmidt No. of around unity experience has shown that the turbulent Schmidt No. is also of the same order. The conse-
quence of this is that both hydrodynamic and concentration radial profiles are very similar. This is of course very useful when a concentration profile can be
obtained more easily than a velocity profile.

4. MEASUREMENT OF ENTRAINMENT

Entrainment into a free jet has been measured many times, usually by mapping the velocity profile in the jet at various stations downstream of the
nozzle. From this an estimate of flow in the plume may be made. The variation of velocity in the fully developed part of the jet follows a Gaussian type
distribution, so that at the edge of the plume the jet velocity is similar to that of the surrounding fluid and this fact makes it difficult to define the jet
boundary with certainty. Since a large proportion of the flow occurs in the low velocity region, accurate determination of entrainment is difficult.

Alternative methods have been attempted but the results are somewhat contradictory (1).

In order to overcome these objections, a flow tracing system in which the jet fluid is doped with a small volume of tracer gas is being developed. This
system permits the jet boundary to be determined with greater certainty, and consequently a better measurement of entrainment to be made.

Flow tracing techniques are attractive in the study of complicated flow systems, particularly where analysis has proved to be impossible. For applications
in air such tracers as smoke, water droplets, and tufts have been used, but the full benefit is gained only if the tracer faithfully follows the flow pattern
dictated by the fluid under examination, if it can be detected and (where necessary) measured accurately and the presence of the tracer does not modify the
fluid properties to an unacceptable degree.

Most tracers are unable to satisfy these requirements entirely so it is important to establish limitations before results from a given flow system are of use.

In the past tracer systems have been detected visually and recorded by a photographic process. The development of relatively cheap mass spectroreters
and other systems now permits rapid chemical analysis, so that non-visual tracers may be employed.

The tracer gases used in this work have similar mass numbers, similar densities, and similar molecule sizes to that of the fluid being traced. Thus the
tracer will follow the trajectory of an air flow much more faithfully than will smoke particles, dust particles or water spray, where particle sizes are many
orders of magnitude larger than the molecules of nitrogen and oxygen. With a tracer gas even large accelerations of the flow may be followed accurately.

The detection and measurement is by mass spectrometer (3, 4) which has sufficient sensitivity to detect the presence of the tracer better than 100 parts

per million. In addition the proportion of gas in air by volume or by mass may be determined as well as the concentration, i.e. the partial density.

The entrainment between the nozzle exit station and any parallel axial station may be obtained as follows:-

Let na flow rate of air through the nozzle be ha, let the mass flow rate of tracer gas through the nozzle be rhg and let the mass flow rate of
entrained air, drawn into the jet between the nozzle and plane Z - Z distance z from nozzle be the.

Total mass flow at nozzle exit = ma + thg (4.1)

Total mass flow at any station Z - Z = rha + rhg+ me (4.2)

let W be the mass fraction of tracer gas in the jet at nozzle exit

w = 1 (4.3)
ma + mg

let Wm be the bulk mean mass fraction of tracer gas in the jet at axial station Z - Z

.'. t.m  = t, (4.4)
sa + mhg + rhe



31-3

divide 16 by 17

W = m. + h + rh. (4.5)
Wm rha + hg

W(rha + rig) - Wm(Ma + rfi1g = Wmrhe

Whence re(m- i) (=rha+ rug) (4.6)

For a given experimental condition, the values of rha, rhg and W will be known. Thus it is necessary to measure W across the jet and determine from this

the bulk mean value of Wm for a particular axial station in order to obtain the entrainment.

5. ENTRAINMENT IN AN AXISYMMETRIC JET

As a jet discharges into a body of initially stagnant fluid, it induces the surrounding fluid to flow radially inwards, and this effect increases the mass
flow in the jet as the distance increases from the nozzle. Theory assumes that the entrainment process occurs at constant pressure, but clearly there must be
small but significant pressure differences to establish the movement of surrounding fluid into the jet stream. G. I. Taylor established a technique for deter-
mining the streamline pattern by replacing the jet with a sink. This approach has been used by Wygnanski (5) and is developed further here to compute the
pressure distribution on a flat surface.

When discharging into still air jets comprise two distinct regions. During the first few jet diameters downstream from the nozzle the jet possesses a
potential core, that is a zone in which the fluid velocity remains, unaffected by and unmixed with, surrounding fluid. Within the potential core the velocity
remains unchanged from its magnitude in the plane of the nozzle exit. With increasing distance downstream, the cross sectional area of the potential core
decreases as the thickness of the mixing layers increase until they reach to a maximum at the end of the potential core.

At this point the jet is said to be fully developed.

5.1 Integral Method

5.1.1 RADIAL VELOCITY CALCULATION

Consider an elemental length of line sink dz at vertical distance z as shown in Fig. 4. The Velocity at point P along R due to a sink strength Q per unit
length is given by:

VR -= d (5.1)
4wR

2

Now the horizontal component of velocity (Vr) at point P is -VR sin 0

i Qd, sin0(.2S..VR = - (5.2)
4.rR

2

To obtain the effect of an impervious surface, OP, the well known method of mirror images is used by introducing a line sink of strength Q going in the
minus Z direction. Consideration of an elemental section length dz distance -z completes the procedure and it can be seen that the velocity along the surface
is then effectively doubled since two sinks now induce the flow.

Thus Vr = - 2Qd, sinG (5.3)
41,R

2

The inflow velocity at P due to a line sink extending from the origin 0 to infinity is given by:-
Z=oo

Vr f Qdz sinO (5.4)

z=D

0=0

f 2Qs in0 d 0 (5.5)
3 2 rr

Clearly it can be seen that the velocity, Vr, at any radius r, and hence the pressure distribution over a flat surface, depends upon the assumptions made

concerning the entrainment rates both in the potential core and the fully developed region.

5.1.2 POTENTIAL CORE REGION

It is assumed that the potential core region has a length equal to n x rj where 0 < n < 12 and the volumetric entrainment rate is given by 2iB, rj vj
where B, is a constant independent of length vj is the jet velocity and rj is the jet radius.

From Fig. 2.:-

z = n.ri, 9 = tan-' r
n rj

9 = Tan r/nrj

Vr = -- / v . sin0d0

0 = /%

(n(I.6
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5.1.3 FULLY DEVELOPED REGION

Beyond the potential core region it is assumed that the entrainment is given by:-

Q = 2x% riv
0=0

Vr = fP 21rivisin.Od

B=Tan' r
nrj

- Lanv~$1 (5,7)

(nri )

5,1.4 COMBINED REGION

The horizontal or surface velocity due to entrainment along the complete jet paths is given by the addition of eluations 5.6 and 5.7

Vr = r" 18s 8, B, 8, (5.8)r )hj

(14 (nri)

by substituting the values given by Wygnanski (5)

i.e. B1 = .032, B2 = .114

a particular equation for Vr is obtained, that is,

Vr = U 0.716 - 0.515 (5.9)

(nri )2

5.1. PRESSURE DISTRIBUTION OVER A PLANE SURFACE

For incompressible flow conditions the pressure distribution over a plane surface is given by:-

Ps  = !Po Vr' (5.10)

where the density po is constant

Substituting from equation (5.8)

= r2 
v I (I )"-I-B ~ 2(5i

nr i

5.1.6 INTERFERENCE FORCE CALCULATIONS

The force on an elemental ring is given by:-

dF = 2irrdr. P

where P is the suction pressure acting on the surface at radius r.

Hence the total suction force on a defined circular area is:-

F = 2wpo V,' r dr (5.12)
fo 2ri

by substitution of the expression for Vr in equation (5.11) and integrating the following force equation is obtained:-

F = iPs rjl vil B2 2 Ioge ._.L - (22 (B, -8B)) loge= /r° nrir + (B2-B1)

log. + 1(5.13)

It is useful to non dimensionalise by dividng by the jet thrust T, giving the ratio

F 1 ( oB2 ge r (282(81-82)) 1o1 + n ri /r -n ri/r+ (B2 -B,) ,

E D _ (5.14)

where T = powm' Vi
2

Using the values of B, and B suggested by Wygnanski for potential core lengths from 0.5 to 6 jet diameters (1 < n < 12), Fig. 5, was plotted for values
of plate radius up to 8 let radii. Measurements reported in Ref. 6 have been added to the graph.

The discrepancy between theory and practical results indicates the need for a closer examination of the entrainment into the jet. V
It Is to be expected that at large values of plate radiss ro, a limiting value of suction force would be reached. However it is of significance that the theory

doew not comply with this basic premise. Equation (5.14) shows that the suction force/jet thrust increases continuously with plate radius which sugilests that
the assumptions regarding entraInment must be inadequate.
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S.2 Numerical Technique

5.2.1 SURFACE VELOCITIES

In this section a numerical method is described which can be used to evaluate surface pressure distributions. As a start it is assumed that the axial line
sink system OZ (Fig. 4) comprises a number of fnite cylindrical elements each having an individually assigned sink strength and, for example, each having the
length of the initial jet radius rj.

The strength of these individual sinks is taken to vary with axial distance, so that at distance z (= n.ri) from the nozzle, the sink strength is written as
Qn.

From equation (5.3) the surface velocity at point P (see Fig. 4), due to one sink of strength Qn at distance z from the nozzle, is given by:-

(1AVr)z - Qnr sin8 (5.15)
2rrR

2

= _ .n i. r (5.16)
2r(r

2 
+ n

2 
ri2 ),/2

where sin 0:L . r
R -r

2 + n rj

The summation of this equation for n 0 to o permits the calculations of the surface velocity at point P due to a continuous line of finite sink elements
extending to infinity.

That is:-

27r n
2 

rj
2 

+ r
2 ) ,2

n=O

5.2.2 SURFACE PRESSURE DISTRIBUTION

Evaluation of the surface pressure distribution is obtained by substitution of (5.17) into (5.10) hence

P5  Y P5Ii Qn 2 (.8
4" (n

2 
ri

2 
+ r7),/

n0

5.2.3 ACCURACY OF THE NUMERICAL METHOD

Due to the natural decaying effect of a jet flowing into stagnant surroundings it is obvious that some finite axial distance of entrainment should be able
to be used to determine pressure distributions within say 1%. Furthermore the length of sink element used in the calculations will also affect the accuracy of
the pressure distribution prediction. Consequently an analysis has been made to find the optimum total entrainment axial distance, and the optimum axial
sink element length.

This has been accomplished by comparing the results of the numerical method with analytical method using entrainment rates suggested by Wygnanski
(5). The required degree of accuracy for pressure distribution over an area of 6 jet radii is obtained with an effective jet trijectory length of 120 jet radii. In
addition each unit length of trajectory (length of one jet radius) is divided into 100 segments. Fig. 6 shows the effect of increasing the effective length of
trajectory over which entrainment is considered to be active and the number of segments by which each unit of trajectory is divided Ju~ing computation.

6. RESULTS

6.1 Concentration Profiles

Radial traverses of various axial stations downstream of the nozzle exit were made using the suction probe attached to the fast inlet system of the mass
analyser. At each radial station measurements of tracer gas concentrations were made and Fig. 3 shows concentration distributions in a typical jet. It is
possible to normalise these profiles with reference to the radius at which the concentration has fallen to one half the rentreline value. These indicate that all
radial distributions lie on a single curve.

6.2 Calculated Entrainment Values

Using the tracer gas technique measurements of the entrainment into the jet have been made. Fig. 7 shows the results of this integration for two jet
conditions both at the same jet mach number but with differing initial jet temperatures. Both jets exhibit similar trends showing an almost linear increase of
mass flow in the jet plume with axial distance from the nozzle exit. It is noticable that at axial distances greater than 40 jet radii the rate of entrainment
tends to decrease

This effect contradicts data from another source (1) which suggested that entrainment increased linearly with axial distance from the nozzle. However it
seems reasonable to suppose that at very large distances from the nozzle, where the jet velocit, has virtually decayed to zero then the entrainment also should
be zero.

The effect of enhanced jet temperature is to increase the rate of entrainment at least in the region closest to the nozzle exit. At large distances from the
nozzle, where the temperatures of both plumes tend towards the same value, it is possible that entrainment rates may become similar. Further data is
necessary before this can be confirmed.

6.3 Pressure Distributions

Using the measured values of entrainment shown in Fig. 7 the numerical technique described in section 5.2 was used to evaluate the surface pressure
distribution over an infinite flat surface out to a radius equal to 6 jet radii. Comparison was made with predictions using constant entrainment rates (Section
5.1) and with values measured during the experiments (Figs. 8 and 9). It is encouraging to note that the predictions made with the numerical method using
measured values of entrainment are in reasonable agreement with the measured pressure distribution for both test conditions.

7. CONCLUSIONS

The tracer technique is a useful method for the study of jet interferance phenomena including flow field and surface effects. The numerical method used
to predict the surface pressure distributions over a flat surface shows that reliable entrainment data is required if accuracies are to be improved.
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The data reported here is limited by the restrictions imposed by the measuring equipment. Clearly considerable improvements could be obtained if
measurements of entrainment were taken at stations much further away from the nozzle exit plane.
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SUMMARY REMARK S

on the AGARD/FDP SYMPOSIUM

on the Fluid Dynamics of Jets

with Application to V/STOL

Dr. Ir. B.M. Spee
National Aerospace Laboratories (NLR)

Netherlands

It was about two years ago now that Alec Young and Brian Quinn, the co-chairmen of the programe
commiittee of this symposium asked me to volunteer in writing the technical evaluation report of the
meeting. Because I was the author of the TER of the last symposium of the Fluid Dynamics Panel on
V/STOL aerodynamics in 1974, it would be easy for me to give a judgement on the progress in this area
that has been made since then. Then during the last meeting of the FDP in Toulouse in the spring of
this year, after the final decisions on the programme of this meeting had been made, Alec Young
convinced me that since I, as the author of the TER had to sit down here all the time and to listen
very attentively to all the presentations, I would be in an excellent position to make the closing
remarks at the end of the meeting.

I accepted the invitation, and I really believed at that time that it would not be difficult to
aummarize the main conclusions from the papers that were to be presented this week. However, in the
course of the symposium, listening to the authors and to the discussions after the papers, I realized
that this was a complete mistake. I now think that it is quite difficult to draw conclusions
immediately after a meeting like this one. I feel that I need, in fact, some more time to think over
many points that have been discussed this week. Nevertheless, I will do the job that I have
accepted, and I will give my personal feelings about what this symposium has put forward. But I
would like to stress that it is to be considered as a first reaction only, and that it may be well
possible that the final conclusions that will be given in the TER will be somewhat different.

Now to make this even more probable, I would like to ask you to give your reaction to these
concluding remarks. I know that there will be no more time for further discussions at this meeting,
because if that would be the case, my remarks would quite certainly not be the closing remarks.
However, there always is the possibility of correspondence by letter, and I would appreciate to
receive comments from you. It would certainly help me in writing a TER that really brings the
message of the symposium to the attention of people that are responsible for research programmes and
research budgets. This is, I think, the main purpose of a technical evaluation report.

First of all, an observation on the way this symposium has been organized. I found the formula that
has been applied with a general review paper on the subject of the symposium and survey papers from
experts on the different session topics of the meeting, very effective. I can say this although
being a member of the programme committee because, as far as I remember, this formula has been
proposed by the co-chairmen of the committee.

The general review paper by Bradbury, the survey paper by Barche on jet interaction with neighbouring
surfaces, the survey paper by Mathieu on jet structure, the survey paper by Margason on windtunnel
simulation, the survey paper by Quinn on injection and thrust augmentation and the survey paper by
Donaldson on the modelling of turbulent flows, all gave an excellent view of the state of the art of
the different aspects of jets and V/STOL aerodynamics, and they together form a framework that has
been of much help to those of us that are not experts on all these subjects to put the different
contributions in the right perspective.

A striking aspect of the programme to me as an experienced listener at FDP meetings, was the fact
that so many of the papers presented described experimental investigations of an exploratory nature;
that is, aiming at a better understanding of the different types of very complex three-dimensional
turbulent flow phenomena that are in general associated with jets. Apart from the review and survey
papers and the invited short contributions, there have been only four out of twenty one papers that
reported in particular on activities in the field of the development of prediction methods. There
was a paper by McQuirk on "a row of jets in a croseflow", a paper by Baker on "a three-dimensional
interaction algorithm for numerical prediction of V/STOL jet-induced flows", a paper by Walters on a
"method for the prediction of V/STOL propulsion induced aerodynamics", and a paper by Kotansky on
"the modelling and prediction of multiple jet V/STOL aircraft flowfields in ground effects". I will
come back to these papers in a moment.

In my opinion, it is not just accidental that the papers on experimental investigations are
practically all from universities, and that the large national research institutes hardly contributed
to the symposium. It is quite usual that the universities are engaged in this type of exploratory
experiment which is relatively cheap. The national research institutes generally concentrate on
experiments that are set up particularly as a check on theoretical prediction methods. This type of
experiment usually asks for a lot of details and a very high accuracy, and they are consequently
quite expensive in general.
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obviously, there is still a large need for such exploratory experimental investigations on VISTOL
aerodynamics, because our knowledge of these flow phenomena is rather limited. It means that the
progress on V/STOL aerodynamics has not been very impressive in the last ten years. Let me go back
to that last meeting of the FDP on V/STOL aerodynamics in Delft in 1974. In the opening lecture of
that symposium, David Hickey of Ames Research Center said that after twenty years of research the
western world had only one operational V/STOL aircraft, the Hawker Siddeley Harrier. I have heard
the same remark several times again at this meeting. Hickey said he found the failure to use V/STOL
technology in civil transportation systems disappointing and suggested that improvements in
aerodynamics could bring V/STOL aircraft in a better position in competition with conventional
aircraft.

The general feeling at tie 1974 meeting was that the situation in the field of research on V/STOL
aerodynamics was far from promising. The majority of the papers at that symposium reported on
research that was carried out quite some time before the meeting and on projects that had already
been stopped at that time. It was stated that the basic flow phenomena were well understood, but
that one was still far away from sufficiently accurate theoretical prediction methods.

Now, what happened since that meeting. The fuel crisis of 1974 almost completely killed the interest
in civil V/STOL applications. Also, the activities on military V/STOL aircraft projects decreased
further. In Europe only the United Kingdom kept some interest in military V/STOL aircraft, but I
have the impression that much of the further development of the Harrier was left to
McDonnell-Douglas. The activities in the United States were as well limited. Apart from the work on
the Harrier, the only recent activity that resulted in real prototype aircraft was the STOL transport
project, which as it looks now, will probably not have a further continuation. The main interest
nowadays seems for V/STOL aircraft designed to operate from damaged runways and from smaller ships as
was mentioned by Roberts.

The absence of V/STOL projects, of course, also decreased the budgets that had been made available
for research in this field, and consequently, the extent of the research activities also in
aerodynamics. This happened especially in Europe where, particularly in France and Germany, the
research on V/STOL aerodynamics came to an almost complete standstill. What has been put forward at

this symposium reflects this situation.

As was the case after the 1974 meeting, I think that it has to be said again that the progress on
V/STOL aerodynamics is not very impressive. Our knowledge of the fluid dynamics of jets applied to
V/STOL increased considerably, but it is still in an early stage. Fortunately, aircraft designers in
general and designers of V/STOL aircraft in particular are obviously very intelligent people. They
are able to make reasonably good aerodynamic designs with only a minimum of design tools; that means
theoretical prediction methods and an experimental data base, in hand. One could say that
aerodynamic design of V/STOL aircraft in a sense is more art than science today.

As far as the experimental data base is concerned, the problem is that the number of variables and
options, and therefore the number of possible shapes and parameters in the aerodynamic design is so
large that such an experimental data base with enough adequate information for the designer is very
difficult to build up. The designer of V/STOL aircraft is also facing a lack of powerful theoretical
prediction methods. Host of the prediction methods are based on potential flow methods using
empirical input to represent the propulsive flow characteristics. The existing prediction methods
are very limited in their range of valid application and in the extent of their verification with
experimental results. The designer of V/STOL aircraft is obviously in a much less comfortable
position than his colleague, the designer of conventional aircraft. The designer of conventional
aircraft nowadays has very sophisticated prediction methods in hand; methods that are based on a
combination of potential flow calculations and viscous flow boundary layer type calculations, with
additional modelling of the interaction of these two. A very important aspect in the modern design
procedures for conventional aircraft is the fact that some of the methods can be used in an inverse
way, which makes it possible to find the aircraft geometry for a given desired pressure distribution,
and consequently to really optimize the shape of the aircraft. I think that such inverse methods
will he unattainable in the near future for V/STOL aircraft.

The paper by Kotansky on "the modelling and prediction of multiple jet V/STOL aircraft flow fields in
ground effect" is typical for how the designer of V/STOL aircraft currently uses a mixture of
empirical methods and potential flow methods for the engineering prediction of ground flow fields,
induced suckdown and fountain formation for multiple jet aircraft. I think it is quite impressive as
an engineering method, but still rather primitive compared with the sophisticated methods used
nowadays to design conventional aircraft.

The absence of an adequate experimental data base and sophisticated theoretical prediction methods
makes the designer of V/STOL aircraft very much dependent on wind tunnel testing. In using the wind
tunnel, the designer of V/STOL aircraft is faced with another additional problem, and that is how to
extrapolate the results of the tests to full scale, free flight conditions. It has to be realized
that in the case of testing of conventional aircraft, the availability of calculation methods plays
an important role in the interpretation of wind tunnel results and in the extrapolation of those
results to full scale data. They are used rather intensively for the interpretation of differences
between free flight test data and wind tunnel data. For V/STOL testing this can be quite a difficult
problem as I understood from the paper by Haftmann on tests on a V/STOL fighter type aircraft.

Wind tunnel testing technique itself is rather complicated for V/STOL configurations, as was
indicated by tMargason. His paper has shown that relatively small variations in model geometry can

have a large effect, and this indicates the need for testing on large models.
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I was surprised that the problem of wall interference effects for V/STOL testing obtained hardly any
attention at this symposium. This subject ha been studied quite intensively during the fifties and
sixties. The important phenomenon is the non-linear behaviour of the wall effect due to the
influence of the tunnel walls on the position of the jets. I do not have the impression that the
problem of wall interference for V/SrOL testing is solved. In fact, there is quite some activity
going on nowadays in the field of wall effects on CTOL testing, a problem that is relatively simple.
The absence of activities on wall effects, I think, suggests that it is accepted that the testing of
V/STOL aircraft in wind tunnels does not have the same quality as the testing of conventional
aircraft.

Now, back to the point of prediction methods. For me the papers by KcQuirk on "a row of jets in a
croseflow" and by Baker on the development of "a three-dimensional interaction algorithm for
numerical prediction of V/STOL jet induced flows" were two of the highlights of the symposium. These
methods have at least the potential to bring the prediction methods for V/STOL aerodynamics to a more
sophisticated level. Particularly Baker's investigation on the calculation of the jet in a cross
flow, exhausting from a flat plate, using a parabolic approximation of the Navier Stokes equations
for the turbulent jet can be considered, I think, as a first step to a more detailed and more
accurate modelling of this important V/STOL flow problem. Of course, it has to be considered as a
first step only. I think the method still gives a far from complete description of the flow field.
In comparison with the potential flow methods using singularity distributions to represent the jet
flow and its entrainment, Baker's method is able to give a detailed description of the flow inside
the jet. This is important in particular in those cases where the jet impinges on a lifting
surface. However, Baker's method, I think, does not necessarily give a better prediction, for
instance, of the pressure distribution on the flat plate from which the jet is originating. The
method will not, as far as I understood, be able to give an adequate description of the flow in the
immediate vicinity of the orifice where the jet interacts with the boundary layer on the plate,
because the assumptions underlying the parabolic approximation of the Navier Stokes equations, I
think, are not fulfilled in this region. The interaction between the jet and the boundary layer on
the plate from which the jet originates will probably be small for those cases where the angle of the
jet with respect to the outer flow direction is large; that is, close to ninety degrees, and the
ratio of the jet velocity and the free-stream velocity is large, but the effect may be large for
smaller angles of the jet and/or smaller velocity ratios.

Another point that is not yet clear in my opinion is whether the turbulent jet model and a potential
flow model for the outer flow can be coupled in an adequate way in general through an iteration
process. It is to be expected that in many cases there will be only a weak interaction between the
jet flow and the outer flow. In those cases the application of a simple boundary condition will
probably be sufficient to obtain rapid convergence of such an iteration process. There may, however,
be other flow conditions where there is a strong interaction between the jet flow and the outer
flow. I was wondering whether in such cases the coupling between the two flow fields should not be
performed in an interactive way through a type of boundary condition as used, for instance, for
strong interaction problems between boundary layer and the outer potential flow around a lifting
surface. For a flow with strong interactions such an interactive boundary condition may be a

necessary condition to obtain convergence. Again, I suppose the flow condition at smaller jet angles
and smaller velocity ratios may be expected to be a more critical one. Now these are problems for
the future, of course. I mention them to indicate that I feel that there is still a long way to go.

It is evident that the method of Baker has its limitations and that even a relatively simple flow as
the one considered in the paper can not be described in every detail. For the area close to the
orifice maybe a less simplified version of the Navier Stokes equations has to be applied, such as the

one used by HcQuirk. If that is the case, three different flow regions described by different
methods have to be coupled. This would be quite a difficult job indeed.

It is clear that the modelling of a much more complicated flow around practical V/STOL aircraft
configurations using approximations of the Navier Stokes equations is not attainable in the near

future, in spite of the rapid increase of available computing power. The development of adequate
turbulence modelling is often mentioned also as one of the main problems for the calculation of the
jet flow. This point was mentioned by McQuirk, and he concluded that in some of his calculations,
the turbulence model was responsible for over-estimating the rate of mixing. Of course, accurate

turbulence modelling is important for the calculation of turbulent flow. However, I think that the
experience from boundary layer research shows that this point should not be over-emphasized. I have
the feeling that sometimes it is used by the mathematicians as an explanation for discrepancies which
can as well be due to the numerical treatment of the problem.

A last point that I would like to mention in relation with the method described by Baker is that,
again from experience with the application of boundary layer prediction methods, it is known that
finite difference and finite element methods may well give more details of the flow than integral
methods, but that integral methods are generally preferred by the users of such prediction methods
because they are so much easier to apply. It is not obvious, at least not to me, whether and how
methods, such as the one developed by Baker, can be translated into an integral method.

The application of methods based on approximations of the Navier Stokes equations can also contribute
much to the development of prediction methods for flows in ducts, including thrust augmenting
ejectors, an area where, as I understood, one-dimensional methods are still the best that we have
available. In some cases, however, particularly in the case of improvement of ejector thrust
augmentation by pulsating or flapping jets, as described by Parikh, Viets and Binder, the flow cannot
be considered as a steady flow. Quasi-steady theories and models of turbulence will quite certainly
fail to predict such flows. This point has been indicated several times during the meeting as an
area of further study.

.!



S-4

In any event, a large effort on the development of methods of the type applied by Baker and NcQuirk
is of extreme importance in order to make progress in the field of V/STOL aerodynamics. However, as
I already said, we have to accept that it will be a long and laborious process to come to a point
where these methods can be used in the design of V/STOL aircraft.

In the meantime there is almost certainly room for a further development of the potential flow
methods where the jets are represented by singularity distributions. They have to be considered as
the main tool for the prediction of the performance of V/STOL aircraft in the years to come. I found
it surprising that there has been only one paper on such methods, the paper by Walters. He modified
the singularity distribution in Wooler's model in order to obtain a better agreement with the
pressure distribution on the plate for a jet normal to the free stream.

It is important to keep in mind that the fact that the pressure distribution on the flat plate shows
a better agreement does not necessarily mean that a method gives a better overall description of the
flow field. The pressure distribution on the plate is influenced by the interaction between the jet
and the boundary layer on the plate, so the pressure distribution on the plate is possibly not always
the best yardstick. Also, it is to be realized that the singularity distribution is adjusted for the
case of a jet perpendicular to the undisturbed flow. A further refinement will probably be necesary
to give a better prediction of the flow for smaller jet angles.

During the symposium we heard the usual remarks on the importance of turbulence ranging from
"turbulence is not important at all" to "the turbulence models that we are using are not good
enough". I do not think that there has been a real controversy at the meeting on whether or not
turbulence and entrainment are important. If we are interested in the details of the jet, we have to
take into account viscous effects, that is, the turbulent shear stress. If we are interested only in
the effect of the jet on the potential flow at some distance from the jet, details are not of
interest. In that case, the deflection of the jet thrust which can be represented by a doublet
distribution is the main effect, whatever the deflection mechanism may be, at least for a jet angle
of ninety degrees. The entrainment to be represented by a sink distribution in that case has a
smaller effect, but the addition of entrainment in the model can make the difference between
reasonable agreement and good agreement.

Now, let me go back to the presentations on experimental investigations. I found it surprising that
with so many papers on experiments, there were only, as far as I remember, two papers, one by
Catalano and the by Durso, where the application of the laser doppler anemometer was described. I
found this surprising because, in principle, this technique is the obvious one to investigate the
flow in and around jets.

The application of conventional measuring techniques with hot wires and pressure probes and rakes has
serious drawbacks for the types of flow under consideration, where one has to measure velocity and
turbulence at relatively large distances from a surface. The presence of the probes or rakes will,
in general, have an important effect in disturbing the flow that is to be investigated. This is
possibly not unacceptable if one is mainly interested in a relatively rough description of the flow
characteristics, but it is certainly not acceptable for experiments aiming at the very detailed and
accurate description of the flow field that is used for the judgment on prediction methods. So, the
fact that little attention was given to the application of the laser doppler technique can be due to
the fact that, in most cases, only a rough description of the flow field was required. However, if
it means that the development of this technique has not yet reached the point that the required
detail and required high accuracy that is needed for test case experiments can be obtained, I think
there is every reason to give much attention to a further development of this technique and to build
up adequate experience with its application.

To conclude these closing remarks, I think we could say that the symposium demonstrated clearly that
the situation in the area of V/STOL aerodynamics is characterized by two points:

a - the flow phenomena are of such a complexity that a very large research effort is required
to increase our knowledge substantially

b - the short term interest in V/STOL application is limited, and therefore the budgets that
are available for research in this area are relatively small

I think this means that, as it stands now, we will not be able to really optimize V/STOL aircraft
from an aerodynamic point of view in a similar way as we do for conventional aircraft for a long
period to come.

Nevertheless, the symposium made clear that there is high quality research going on at several
places. I think AGARD has the responsibility to do whatever possible to increase cooperation and
csommnication between those active in this field. We all know how important in both theoretical and
experimental work it is to learn from the experiences from and the errors made by others. Finally, I
apologize for having not mentioned in this short time all the excellent papers of the meeting. I
will try to do better in the TER. I think we had an enjoyable and a fruitful symposium.

'1
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CLOSING REMARKS

Dr. QUINN

Dr. Spee, we thank you for your excellent comments in review of the symposium. I do
know that there are about 31 people who would like to respond to those comments, those
happen to be authors. I will not let that happen at this time, so that the closing
technical remarks can be yours.

On behalf of my co-chairman, Prof. Young, and the other members of the Programme
Committee, I will take this opportunity to give very special thanks to the authors whose
efforts at writing and presenting their discussions is what this meeting is all about.
I applaud you all, and I give you my personal thanks.

At this time I would like to turn the microphone over to the Chairman of the Fluid
Dynamics Panel, Dr. Orlik-Rckemann.

Dr. ORLIK-ROCKEMANN

I would like to join Dr. Quinn in congratulating Dr. Spee on his excellent,even if only
preliminary, technical description and evaluation of this symposium. We will all be
looking forward to seeing the final version of it. My job here is to thank all the
people who have made this symposium possible. To start with, I think that we are really
fortunate to have been invited to Portugal, and thanks are due to the Portuguese
authorities for providing those splendid quarters for our meeting. We also owe a great
deal to many people who are involved in the planning, preparing and conducting of this
meeting. First, of course, Professor Young and Dr. Quinn and their programme
committee for defining the topic of this symposium, the careful selection of all the
papers, and in addition for chairing the various sessions.

Secondly, our Portuguese panel members, Professor Falcao, who together with the Panel
Executive, Mr. Bob Rollins, and the Panel secretary, Mademoiselle Anne-Marie Rivault
looked after all the local arrangements and ensured that all systems were functioning
smoothly and on time. In this they were ably assisted by Miss Henriques. The inter-
pretation was done by Mrs. Stuart, Mrs. Waudby and Monsieur de Liffiac, who not only
did an excellent job, but also showed a great deal of patience and understanding when
dealing with the customary technical and human imperfections. I am sure that you
will all join me in this.

I have a few words about the future activities planned by our Panel. Knowing these
plans in advance, you can start early on your own plans to participate and pass on
this information to somebody in your organization. In December of this year, there will
be a special course at VKI in Belgium on Modern Data Analysis Technique in Noise and
Vibration Problems. In March of next year, we will have a lecture series on High
Angle of Attack Aerodynamics, which will be presented in Belgium, Germany and the
United States. In May, there will be two specialist Meetings in London; one on
"Prediction of Aerodynamic Loads on otorcraft" and the second on "Wall Interference
in Wind Tunnels". Finally, in September we will have a symposium on "Aerodynamics of
Missiles", which will be held in Trondheim in Norway. We hope to see you again at some
of these activities. I would like to remind the panel members that this afternoon,
beginning at 2.30 in a room behind this one, our Portuguese colleagues will talk to us
about their work, not only in fluid dynamics, but in the general field of applied
mechanics. I am sure that the panel members will not want to miss this unique
opportunity to find out a little bit more about the scientific activities in this
country.

Thank you all for your participation, the meeting is now adjourned.
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